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FOREWORD 
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that includes this document. 
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ABSTRACT 
O b j e c t - o r i e n t e d  d e s i q n  t e c h n i q u e s  a r e  q a i n i n q  i n c r e a s i n q  
p o p u l a r i t y  f o r  u s e  w i t h  t h e  Ada programminq l a n q u a q e .  T h i s  
r e p o r t  d e s c r i b e s  a q e n e r a l  approach  t o  o b j e c t - o r i e n t e d  de- 
s i q n  which  s y n t h e s i z e s  t h e  p r i n c i p l e s  of  p r e v i o u s  o b j e c t -  
o r i e n t e d  methods  i n t o  a u n i f i e d  framework.  F u r t h e r ,  t h i s  
a p p r o a c h  f i t s  i n t o  t h e  o v e r a l l  s o f t w a r e  l i f e - c y c l e ,  p r o v i d -  
i n a  t r a n s i t i o n s  from s p e c i f i c a t i o n  t o  d e s i q n  and f rom d e s i a n  
t o  c o d e .  I t  t h e r e f o r e  p r o v i d e s  t h e  b a s i s  f o r  a q e n e r a l  
o b j e c t - o r i e n t e d  deve lopmen t  methodoloqy.  
i i i  
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SECTION 1 - INTRODUCTION 
An " o b j e c t "  i s  a n  a b s t r a c t  s o f t w a r e  model  of a p r o b l e m  domain  
e n t i t y .  O b j e c t s  a r e  p a c k a q e s  of b o t h  d a t a  a n d  o p e r a t i o n s  o n  
t h a t  d a t a  [Go ldbe rq  83 ,  Booch 831. The Ada p a c k a q e  c o n -  
s t r u c t  is  r e p r e s e n t a t i v e  of t h i s  q e n e r a l  n o t i o n  of a n  o b j e c t .  
" O b j e c t - o r i e n t e d  d e s i g n "  i s  t h e  t e c h n i q u e  of u s i n q  o b j e c t s  
a s  t h e  b a s i c  u n i t  of m o d u l a r i t y  i n  s y s t e m  d e s i q n .  The S o f t -  
ware E n q i n e e r i n s  L a b o r a t o r y  a t  t h e  Goddard S p a c e  F l i q h t  Cen- 
t e r  i s  c u r r e n t l y  i n v o l v e d  i n  a p i l o t  p r o j e c t  t o  d e v e l o p  a 
- 
1 
I 
I 
I s a t e l l i t e  d y n a m i c s  s i m u l a t o r  i n  Ada ( a p p r o x i m a t e l y  
4 0 , 0 0 0  s t a t e m e n t s )  u s i n q  o b j e c t - o r i e n t e d  me thods  [ A q r e s t i  8 6 ,  
N e l s o n  861. S e v e r a l  a u t h o r s  have  a p p l i e d  o b j e c t - o r i e n t e d  
c o n c e p t s  t o  Ada ( e . q . ,  [Booch 83, C h e r r y  8 5 b l ) .  T h e s e  meth-  
o d s  a r e  u s e f u l ,  b u t  l i m i t e d  when c o n s i d e r e d  a s  a g e n e r a l  
a p p r o a c h  t o  d e v e l o p i n q  l a r q e  s o f t w a r e  s y s t e m s  [ N e l s o n  861. 
As a r e s u l t  w e  h a v e  s y n t h e s i z e d  a more g e n e r a l  a p p r o a c h  wh ich  
a l lows  a d e s i q n e r  t o  apply p o w e r f u l ,  o b j e c t - o r i e n t e d  p r i n -  
c ip les  t o  a w i d e  r a n q e  of a p p l i c a t i o n s  and  a t  a l l  s t a q e s  of 
s o f t w a r e  d e v e l o p m e n t .  T h i s  r e p o r t  d e s c r i b e s  o u r  a p p r o a c h  
a n d  c o n s i d e r s  how o b j e c t - o r i e n t e d  d e s i q n  f i t s  i n t o  t h e  o v e r -  
a l l  s o f t w a r e  l i f e - c y c l e .  
I 
The  p r e s e n t  repor t  s u p e r c e d e s  and e x p a n d s  o u r  e a r l i e r  w o r k  
o n  t h i s  t o p i c  [ S e i d e w i t z  8 5 a ,  S e i d e w i t z  85b ,  S e i d e w i t z  8 6 ,  
S t a r k  861. However, o u r  w o r k  i s  s t i l l  i n  p r o q r e s s  and  f u t u r e  
v e r s i o n s  of t h i s  document  w i l l  i n c l u d e  m a t e r i a l  o n  ob jec t -  
o r i e n t e d  s p e c i f i c a t i o n  and t e s t i n q .  
lAda  i s  a t r a d e m a r k  of t h e  U . S .  Government  (Ada J o i n t  Pro- 
qram O f f i c e ) .  
1-1 
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SECTION 2 - PROCEDURES AND OBJECTS 
I n  o b j e c t - o r i e n t e d  d e s i a n ,  t h e  b a s i c  u n i t  of m o d u l a r i t y  i s  
t h e  o b j e c t  r a t h e r  t h a n  t h e  p r o c e d u r e .  W h i l e  a p r o c e d u r e  
d e f i n e s  a spec i f i c  o p e r a t i o n ,  an ob jec t  d e f i n e s  a " s t a t e  
mach ine"  w i t h  i n t e r n a l  memory and m u l t i p l e  o p e r a t i o n s  on  
t h a t  memory. T h i s  s e c t i o n  discusses t h e  c o n c e p t s  of o b j e c t s  
a n d  p r o c e d u r e s  a n d  shows t h e  r e l a t i o n s h i p  be tween  them. 
2 . 1  PROCEDURES 
W e  b e q i n  w i t h  t h e  more f a m i l i a r  c o n c e p t  o f ' a  procedure.  
c a n  model a p r o c e d u r e  a s  a m a t h e m a t i c a l  f u n c t i o n .  F i q u r e  2 - 1  
shows o n e  p o s s i b l e  d i a q r a m  f o r  r e p r e s e n t i n s  s u c h  a f u n c t i o n .  
I n  t h i s  diaqram, t h e  arrows r e p r e s e n t  d a t a  f l o w s  i n t o  and  
o u t  of t h e  p r o c e d u r e .  However, i n  a computer p roqram,  t h e r e  
i s  a f l o w  o f  c o n t r o l  a s  w e l l  a s  d a t a .  Thus ,  when a proce- 
d u r e  i s  ca l led ,  w e  c a n  say  t h a t  c o n t r o l  " ' f l ows  i n t o "  t h e  
procedure. When t h e  p r o c e d u r e  is complete, c o n t r o l  r e t u r n s  
t o  t h e  c a l l e r .  
W e  
RESUTS L 
a m  DATA 
F i q u r e  2-1.  Procedure Data Flow 
The diaqram i n  F i q u r e  2-2  shows b o t h  t h e  d a t a  f l o w  and  t h e  
c o n t r o l  f l ow.  The arrow from CALLER i n t o  PROCEDURE i n d i c a t e s  
t h a t  CALLER t r a n s f e r s  c o n t r o l  t o  PROCEDURE. Note t h a t  t h e  
r e t u r n  o f  c o n t r o l  t o  CALLER is n o t  e x D l i c i t l y  shown, b u t  i s  
assumed t o  happen  when PROCEDURE is f i n i s h e d .  The smaller  
arrows a l o n q  t h e  l a r q e r  c o n t r o l  f l o w  arrows show t h e  d a t a  
f l o w s  ( s i m i l a r  t o  [Yourdon 7 9 ] ) ,  w h i c h  may qo  i n  e i t h e r  
0 2 5 2  
2 - 1  
d i r e c % i o n  a l o n q  a c o n t r o l  p a t h .  A l s o  n o t i c e  t h a t  i n  F i g -  
u r e  2-2 w e  h a v e  a d d e d  a n  e x p l i c i t  symbol f o r  t h e  GLOBAL DATA. 
A l t h o u q h  c o n t r o l  n e v e r  r e a l l y  f l o w s  i n t o  d a t a ,  w e  show 
access t o  s u c h  d a t a  symbols by  a r r o w s  a l w a y s  d i r e c t e d  t o w a r d  
t h e  d a t a .  T h i s  i n d i c a t e s  t h a t  t h e  d a t a  i s  a l w a y s  p a s s i v e  
a n d  n e v e r  i n i t i a t e s  a n y  a c t i o n .  
I c- I CALLEF? 
PROCEDURE 
Data 1 
v 
am& DATA 
I I 
F i q u r e  2-2.  A P r o c e d u r e  C a l l ,  W i t h  Data  F lows  
When t h e r e  a r e  s e v e r a l  c o n t r o l  p a t h s  o n  a d i a g r a m ,  e a c h  w i t h  
s e v e r a l  d a t a  f l o w s ,  showinq a l l  d a t a  f l o w s  c a n  become cumber- 
some. T h e r e f o r e ,  i n s t e a d  of e x p l i c i t l y  showinq t h e  d a t a  
f l o w  on  t h e  d i a q r a m s ,  w e  i n c l u d e  t h e  d a t a  f l o w  i n  a s e p a r a t e  
" o p e r a t i o n  d e f i n i t i o n "  w h i c h  d e s c r i b e s  t h e  o p e r a t i o n  p r o v i d e d  
bv t h e  p r o c e d u r e .  F iqu re  2-3 shows t h e  d i a q r a m  o f  F i q u r e  2 - 2  
2-2 
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r e d r a w n  w i t h o u t  t h e  d a t a  f l o w  a r r o w s .  The o p e r a t i o n  d e f i n i -  
t i o n  €o r  t h e  p r o c e d u r e  i n  F i q u r e  2-3  would  be: 
PROCEDURE (ARGUMENTS) RESULTS 
GLOBAL DATA 
F i q u r e  2-3. A P r o c e d u r e  C a l l ,  W i t h o u t  Data F lows  
I n  t h e  o p e r a t i o n  d e f i n i t i o n ,  t h e  p a r e n t h e s i z e d  d a t a  f l o w s  
w i t h  t h e  c o n t r o l  f l o w ,  w h i l e  t h e  u n p a r e n t h e s i z e d  d a t a  f l o w s  
a q a i n s t  t h e  c o n t r o l  f low.  A creneral o p e r a t i o n  t h u s  i n c l u d e s  
two d a t a  f l o w s .  However,  some o p e r a t i o n s  h a v e  o n l y  o n e  d a t a  
f l o w ,  wh ich  may be i n  e i t h e r  d i r e c t i o n  r e l a t i v e  t o  t h e  c o n -  
t r o l  f l o w .  I n  f a c t ,  some o p e r a t i o n s  s i m p l y  s i q n a l  a n  a c t i o n  
w i t h  n o  d a t a  f l o w  a t  a l l .  Such o p e r a t i o n s  h a v e  d e f i n i t i o n s  
of t h e  f o r m :  
RESET ( )  
2-3 
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The p a r e n t h e s e s  a r e  i n c l u d e a  even  w h e n  t h e y  a r e  empty .  For  
d a t a  s y m b o l s  s u c h  a s  GLOBAL DATA i n  F i a u r e  2 - 3 ,  t h e  c o n t r o l  
a r r o w s  i m p l i c i t l y  d e f i n e  t h e  a p p r o p r i a t e  d a t a  f l o w s  w i t h  no 
need  f o r  o p e r a t i o n  d e f i n i t i o n s .  
2.2 O B J E C l S  -
Whatever  t h e  n o t a t i o n ,  we s t i l l  model  a p r o c e d u r e  a s  a math-  
( a r g u m e n t s  and  g l o b a l  d a t a ) ,  a p r o c e d u r e  a l w a y s  p r o d u c e s  t h e  
d u r e ,  f o r  example ,  c a n n o t  d i r e c t l y  model  a n  a a d r e s s  book,  
b e c a u s e  a n  a d d r e s s  book h a s  memory ( a  s e t  of a d d r e s s e s )  w h i c h  
c a n  be  accessed and u p d a t e d .  Normal ly ,  t h e  s o l u t i o n  t o  this 
is  t o  p l a c e  t h i s  memory i n  q l o b a l  v a r i a b l e s ,  l e a v i n q  i t  e x -  
p o s e a  t o  i l l i c i t  m o d i f i c a t i o n .  
I ematical  f u n c t i o n .  T h a t  i s ,  q i v e n  a c e r t a i n  s e t  o f  i n p u t s  
I same se t  o f  o u t p u t s  ( r e s u l t s  a n d  q l o b a l  u p d a t e s ) .  A p r o c e -  - 
- 
An o b j e c t ,  on t h e  o t h e r  hand ,  p a c k a g e s  some memory a l o n q  
w i t h  a l l  a l l o w a b l e  o p e r a t i o n s  on i t .  We c a n  moael  a n  o b j e c t  
a s  a m a t h e m a t i c a l  " s t a t e  machine' '  w i t h  some i n t e r n a l  s t a t e  
w h i c n  c a n  be  a c c e s s e d  and  m o a i f i e d  by a l i m i t e d  number of 
m a t h e m a t i c a l  f u n c t i o n s .  W e  t h u s  implement  an  o b j e c t  a s  a 
p a c k a g e d  s e t  o f  p r o c e d u r e s  and  i n t e r n a l  d a t a ,  a s  shown i n  
F i g u r e  2 -4 .  For  a n  a d d r e s s  book o b j e c t ,  t h e  i n t e r n a l  memory 
woula  b e  a s e t  of  a d d r e s s e s ,  a n d  t h e  a l l o w a b l e  o p e r a t i o n s  
would be a c c e s s i n g  a n  a d d r e s s  by name, a d d i n g  a new a d d r e s s ,  
e t c .  
I n t e r n a l l y ,  t h e  p r o c e d u r e s  i n  a n  o b j e c t  a r e  f u n c t i o n s  of  
b o t h  a r g u m e n t s  and t h e  i n t e r n a l  memory. E x t e r n a l l y ,  how- 
e v e r ,  a n  o b j e c t  a p p e a r s  a s  a " b l a c k  box"  w i t h  o p e r a t i o n s  on 
c e r t a i n  a r g u m e n t s  p r o d u c i n q  c e r t a i n  r e s u l t s .  Now, t h o u q h ,  
t h e  same a r g u m e n t s  may p r o d u c e  d i f f e r e n t  r e s u l t s  a t  d i t -  
f e r e n t  t imes,  d e p e n d i n a  on t h e  h i d d e n  i n t e r n a l  s t a t e .  A n  
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"object description" includes a list of aefinitions for each 
of the operations provided by the object. For example: 
ADDRESS-BOOK 
Provides: 
ADD (NAME + ADDRESS) 
CHANGE (NAME + ADDRESS)  
LOOKUP (NAME) ADDRESS 
REMOVE (NAME) 
INTERNAL 
STATE DATA 
Figure 2-4. An Object 
2 - 5  
0 2 5 2  
An object can also represent a "type manager." A "type" is 
basically a template for a set of objects which all allow 
the same operations. The "type manager' object combines in 
its own state one complete state for each object of the type. 
Each type operation is then augrnentea with a data item which 
selects the specific object (state) to be operated on. For 
example, we could define a type manaqer which would allow 
creation of  an arbitrary number of address books. The new 
object definition would be: 
ADDRESS-BOOK-MANBGER 
Proviaes: 
ADD (ADDRESS-BOOK + ADDRESS + NAME) 
CHANGE (ADDRESS-BOOK + ADDRESS + NAME) 
LOOKUP (ADDRESS-BOOK + NAME) ADDRESS 
REMOVE (ADDRESS-BOOK + NAME) 
CREATE ( )  ADDRESS-BOOK 
The new data item ADDRESS-BOOK must be specified f o r  each 
address book operation, and the new operation CREATE returns 
a new, empty ADDRESS-BOOK. 
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SEC'FIOTY 3 - OBJECT DIAGRAMS 
In this section we will connect objects into "object dia- 
grams'' which represent system designs. Operations must take 
place between two objects, with control flowinq from one to 
the other. Such a connection of two objects is called a 
"communication." In a communication, control f lows  out of  
one object to "invoke" an operation. The object which re- 
ceives the flow of control then "services" this operation. 
The point of an object diagram is to show all possible com- 
munications in a system. 
3.1 NOTATION 
A s  an example, consider a simple schedule orqanizer that 
consists of three objects: a USER I N T E R F A C E ,  an ADDRESS 
BOOK ana a DATE, BOOK. Fiqure 3 - 1  shows a possible object 
diagram for this system. The round-cornerea squares in Fiq- 
ure 3-1 represent objects. The arrows between objects rep- 
resent communications. Note, however, that each arrow can 
represent a call on one or more operations provided by the 
object to which it points. For each arrow leavinq an 05- 
ject, we add to that object's description a list of opera- 
tions used from the other object. For example, the object 
descriptions for the objects in Fiqure 3 - 1  are: 
USER- I N T E R F A C E  
Provides: 
RUN ( )  
Uses: 
TERMIhAL 
GET 
PU'I' 
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A D D R E S S  -BOOK 
ADD 
CHANGE 
LOOKUP 
REMOVE 
RUN 
DATE-BOOK 
GET-APPOINTMENT 
MAKE-APPOINTMENT 
CANCEL-APPOINTMENT 
USER 
INTERFACE 
b TERMMAL 
II\PUT/OUTPUT 
F i q u r e  3-1. S c h e d u l e  O r a a n i z e r  O b j e c t  D i a q r a m  
3 - 2  
0 2 5 2  
. 
DATE -BOOK 
P r o v i d e s :  
GET-APPOINTMENT (DATE + TIME;) NAME + ADDRESS 
MAKE-APPOIhTMENT (DATE + TIME + NAME) 
CANCEL-APPOINTMENT (DATE + TIME) 
Uses: 
ADDRESS-BOOK 
LOOKUP 
ADDRESS -BOOK 
P r o v i d e s :  
ADD (NAME + ADDRESS) 
CHANGE (NAME + ADDRESS) 
LOOKUP (NAME) ADDRESS 
REMOVE (NAME ) 
T h e  use r  c o m m u n i c a t e s  w i t h  t h i s  s y s t e m  t h r o u g h  t h e  UbER 
INTERFACE o b j e c t .  The  s y s t e m  al lows t h e  u s e r  t o  s t o r e  a n d  
r e t r i e v e  aadresses  i n  ADDRESS BOOK. The  u s e r  c a n  a l s o  
s c h e d u l e  a p p o i n t m e n t s  i n  h i s  DATE BOOK w i t h  p e o p l e  h e  knows.  
When t h e  u s e r  requests  t o  see  what a p p o i n t m e n t  i s  s c n e d u l e a  
a t  a c e r t a i n  time, DATE BOOK a l s o  a u t o m a t i c a l l y  r e t r i e v e s  
t h e  aadress of t h e  person t o  be met. The  o b j e c t  d i a q r a m  
shows  a l l  t h e  c o m m u n i c a t i o n s  n e c e s s a r y  t o  per form t h e s e  f u n c -  
t i o n s .  I t  t h u s  d e f i n e s  t h e  o b j e c t s  n e e d e d  i n  t n e  s y s t e m  a n d  
a l l  t h e  i n t e r a c t i o n s  between t h e s e  o b j e c t s .  
I n  t h e  above e x a m p l e ,  i t  is f a i r l y  ea sy  t o  see t h a t  t h e  " m a i n  
c o n t r o l "  o b j e c t  is USER INTERFACE. The  o n l y  o p e r a t i o n  s e r v -  
iced by USER INTERFACE i s  t h e  o p e r a t i o n  R U N .  T h i s  o p e r a t i o n  
i s  used  t o  i n v o k e  t h e  s y s t e m ,  p a s s i n g  c o n t r o l  i n t o  USER 
INTERFACE. USER INTERFACE t h e n  passes c o n t r o l  t o  t h e  o t h e r  
o b j e c t s  a s  n e c e s s a r y  t o  perform t h e  f u n c t i o n s  o f  t h e  s y s t e m .  
T h u s  a l l  t h e  o t h e r  c o n t r o l  f l o w s  a r e  o u t  of USER ILiTEREACE. 
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By c o n v e n t i o n ,  t h e  arrow r e p r e s e n t i n q  t h e  i n i t i a l  f l o w  of 
c o n t r o l  i n t o  a system i s  labe led  "RUN"  o n  a n  o b j e c t  diaqram, 
a s  shown i n  F i s u r e  3-1. 
So f a r  w e  h a v e  b e e n  t h i n k i n q  of o p e r a t i o n s  and  c o m m u n i c a t i o n s  
a s  m o d e l i n q  t h e  t r a d i t i o n a l  p r o c e d u r e  c a l l / r e t u r n  mechanism.  
Communica t ions  c a n ,  however, r e p r e s e n t  more t h e n  j u s t  simple 
p r o c e d u r e  ca l l s .  They may a l s o  model a n  A d a  e n t r y  c a l l  a n d  
r e n d e z v o u s .  I n  t h i s  case, it may n o t  be s o  o b v i o u s  which  
way c o n t r o l  s h o u l d  f l o w .  C o n s i d e r  t h e  e x a m p l e  shown i n  F i g -  
u r e  3 - 2 ( a ) ,  w i t h  t h e  f o l l o w i n q  o b j e c t  d e s c r i p t i o n s :  
DATA-ACCUMULATOR 
P r o v i d e s :  
RUN 0 
U s e s  : 
SOURCE 
GE T 
PACKET-TRANSMITTER 
S E N D  
PACKET- TRANSMITTER 
P r o v i d e s :  
RUN 0 
SEND (DATA-PACKET) 
Uses: 
DATA-LINE 
TRANSMIT 
T h e  c o n t r o l  flow of t h e  R U N  communica t ion  b r a n c h e s  and f l o w s  
i n t o  b o t h  of t h e  ob jec ts  i n  F i q u r e  3 - 2 ( a ) .  T h i s  means t h a t  
t h e r e  is a t h r e a d  o f  c o n t r o l  i n  b o t h  ob jec t s  a t  t h e  same 
t i m e .  T h a t  i s ,  t h e y  r u n  c o n c u r r e n t l y .  I n  t h i s  example ,  
t h e  DATA ACCUMULATOR q a t h e r s  r e a l - t i m e  d a t a  from some o n q o i n a  
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e x p e r i m e n t  i n t o  f i x e d  s i z e  packets .  T h e s e  packets  a r e  t h e n  
t r a n s m i t t e d  a l o n q  a d a t a  l i n e  t o  a remote l a b o r a t o r y  by 
PACKET TRANSMITTER, F i q u r e  3-2(a)  shows t h a t  when t h e  DATA 
ACCUMULATOR h a s  a c c u m u l a t e d  enouqh d a t a  t o  f o r m  a packet ,  i t  
i n i t i a t e s  a c o m m u n i c a t i o n  w i t h  PACKET TRANSMITTER t o  hand 
o v e r  t h e  packet t o  b e  t r a n s m i t t e d .  Note t h a t  i n  t h e  case of 
c o n c u r r e n t  o b j e c t s ,  o n e  o b j e c t  may h a v e  t o  wait  b e f o r e  a n  
o p e r a t i o n  it i n v o k e s  i s  s e r v i c e d .  S e c t i o n  3.3 w i l l  c o n s i d e r  
t h i s  f u r t h e r .  An a l t e r n a t i v e  d e s i s n  i s  shown i n  F i q -  
u r e  3 - 2 ( b ) ,  The new ob jec t  d e s c r i p t i o n s  a re :  
DATA-ACCUMULATOR 
P r o v i d e s  : 
RUN 0 
GET-PACKET ( )  DATA-PACKET 
Uses: 
SOURCE 
GE T - 
PACKET-TRANSMITTER 
P r o v i d e s :  
Uses: 
DATA-ACCUMULATOR 
GET - PACK ET 
DATA-LINE 
TRANS M I T 
Because c o n t r o l  r e s i d e s  s i m u l t a n e o u s l y  i n  b o t h  o b j e c t s ,  
e i t h e r  ob jec t  c a n  i n i t i a t e  c o m m u n i c a t i o n s .  I n  F i q -  
u r e  3 - 2 ( b ) ,  when t h e  PACKET TRANSMITTER i s  r e a d y  t o  t r a n s m i t  
a new packet ,  i t  i n i t i a t e s  a communica t ion  w i t h  t h e  DATA 
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ACCUMULATOR. When t h e  DATA ACCUMULATOK s e r v i c e s  t h i s  o p e r a -  
t i o n ,  a DATA-PACKET i s  p a s s e d  t o  t h e  PACKET TRANSMITTER. I n  
t h i s  e x a m p l e ,  b o t h  d e s i g n s  a r e  e q u a l l y  a o o d .  I n  more com- 
p l i c a t e d  c o n c u r r e n t  s y s t e m s ,  t h e r e  a r e  v a r i o u s  r e a s o n s  f o r  
c h o o s i n g  o n e  d i r e c t i o n  of c o n t r o l  f l o w  o v e r  t h e  o t h e r .  I n  
a n y  case, t o  c h a n g e  t h e  d e s i g n  i n  t h i s  way requi res  a c h a n q e  
i n  t h e  d i r e c t i o n  of a n  arrow o n  t h e  o b j e c t  d i a g r a m  a n d  t h e  
m o d i f i c a t i o n  of t h e  a p p r o p r i a t e  o b j e c t  d e f i n i t i o n s .  
(b) 
F i g u r e  3-2 .  C o n c u r r e n t  O b j e c t s  
3 .2  DECOMPOSITION - O F  OBJECTS 
A t  i t s  t o p  l e v e l ,  a n y  c o m p l e t e  s y s t e m  may be r e p r e s e n t e d  by  
a s i n g l e  o b j e c t .  For  example ,  F i q u r e  3 - 3  shows a d i a q r a m  of  
the  c o m p l e t e  SCHEDULE O R G A N I Z E R  o f  t h e  l a s t  s e c t i o n .  T h e  
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box l a b e l e d  "USER" i s  a n  " e x t e r n a l  e n t i t y . "  An e x t e r n a l  
e n t i t y  i s  a n  o b j e c t  w h i c h  is  n o t  i n c l u d e d  i n  t h e  s y s t e m ,  b u t  
w h i c h  communica te s  w i t h  t h e  t o p  l e v e l  s y s t e m  o b j e c t .  I n  
t h i s  case t e r m i n a l  i n p u t / o u t p u t  o p e r a t i o n s  a r e  " se rv iced"  by 
t h e  USER. Note t h a t  t h i s  i s  a d e s i q n  d i a g r a m  a n a  t h u s  s h o w s  
t h e  E h y s i c a l  communica t ions  and  d a t a  f l o w s ,  n o t  t h e  h i g h e r  
l e v e l  meaning  t h a t  t h e  d a t a  migh t  have .  Thus a u s e r  a t  a 
t e r m i n a l  s e n d s  and  r e c e i v e s  "TEXT" t h r o u g h  t h e  t e r m i n a l  
o p e r a t i o n s .  
F i g u r e  3 - 3 .  S c h e d u l e  O r g a n i z e r  E x t e r n a l  E n t i t i e s  Diaqram 
A s y s t e m  l e v e l  o b j e c t  may communicate  w i t h  s e v e r a l  e x t e r n a l  
e n t i t i e s .  A d i a g r a m  s u c h  a s  F i g u r e  3 - 3  showing these  com- 
m u n i c a t i o n s  is  a n  ' ' e x t e r n a l  e n t i t i e s  d i a g r a m .  Communica- 
t i o n s  w i t h  e x t e r n a l  e n t i t i e s  a r e  u s u a l l y  i n i t i a t e d  by t h e  
s y s t e m .  I n  t a c t ,  e x t e r n a l  e n t i t i e s  a r e  o f t e n  much l i k e  
p a s s i v e  d a t a  ob jec t s ,  a l l  of whose o p e r a t i o n s  h a v e  a o n e  
d i r e c t i o n a l  d a t a  f l o w .  A d i r e c t  access o r  i n d e x e d  f i l e  
m i g h t  be a n  e x c e p t i o n  t o  t h i s ,  w i t h  a read o p e r a t i o n  t a k i n g  
a n  i n d e x  as  a n  a rgumen t  and p r o d u c i n q  a r e c o r d  a s  t h e  r e -  
s u l t .  A n o t h e r  e x c e p t i o n  is  t h a t  some e x t e r n a l  o b j e c t  m u s t  
s t a r t  t h e  s y s t e m .  T h a t  i s ,  i n i t i a l l y  c o n t r o l  r e s i d e s  some- 
where  o u t s i d e  t h e  s y s t e m ,  and  i t  m u s t  f l o w  i n t o  t h e  s y s t e m  
f o r  e x e c u t i o n  t o  b e g i n .  I n  F i g u r e  3 - 3 ,  t h e  User  i n v o k e s  t h e  
SCHEDULE ORGANIZER u s i n q  t h e  RUN o p e r a t i o n .  h f i n a l  example  
of  c o n t r o l  f l o w i n q  i n t o  a s y s t e m  w o u l d  be a n  a s y n c h r o n o u s  
i n t e r r u p t .  T h i s  c o u l d  be modeled by the i n t e r r u p t i n g  e n t i t y  
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i n v o k i n q  a n  o p e r a t i o n  i n  t n e  c o n c u r r e n t l y  r u n n i n g  s y s t e m .  
S e r v i c i n g  t h e  o p e r a t i o n  would t h e n  model  s e r v i c i n g  t h e  i n -  
t e r  r u p t  . 
The o b j e c t  SCHEDULE O R G A N I Z E R  i n  F i g u r e  3 - 3  r e p r e s e n t s  a 
p a c k a g i n g  o f  t h e  c o m p l e t e  o b j e c t  d i a g r a m  of F i q u r e  3-1.  
Working i n  t h e  o t h e r  d i r e c t i o n ,  F i g u r e  3-1 is  a "decompos i -  
t i o n "  o f  t h e  o b j e c t  SCHEDULE ORGANIZER.  T h i s  c a n  b e  expanded  
i n t o  t h e  i d e a  of s t e p w i s e  r e f i n e m e n t  f o r  o b j e c t s  a n d  o b j e c t  
d i a g r a m s .  B e g i n n i n g  a t  t h e  s y s t e m  l e v e l ,  e a c h  o b j e c t  can be 
r e f i n e d  i n t o  a l o w e r  l e v e l  o b j e c t  d i a g r a m .  The r e s u l t  i s  a 
l e v e l e d  s e t  of o b j e c t  d i a g r a m s  which c o m p l e t e l y  d e s c r i b e  t h e  
s t r u c t u r e  of a s y s t e m  down t o  t h e  p r o c e d u r a l  l e v e l .  
For  e x a m p l e ,  F i g u r e  3 - 4  s h o w s  t h e  d e c o m p o s i t i o n  o f  ADDRESS 
B O G k ,  w h i c h  would b e  t h e  b e g i n n i n g  of t h e  n e x t  l e v e l  decom- 
p o s i t i o n  of  F i g u r e  3-1. T h e  o b j e c t  d e s c r i p t i o n s  f o r  t h i s  
d i a g r a m  a r e :  
ADD 
P r o v i a e s :  
ADD (NAME + ADDRESS)  
Uses : 
FIND-ADDRESS 
ADDRESSES 
CHANGE 
P r o v i d e s  : 
CHANGE.  (NAME + ADDRESS)  
Uses: 
F I h D - A D D R E S S  
ADDRESSES 
LOOKUP 
P r o v i d e s :  
LOOKUP (NAME) ADDRESS 
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ADDRESSES 
Figure 3-4. Address Book Decomposition 
Uses: 
FIND-ADDRESS 
ADDRESSES 
REMOVE 
Provides: 
REMOVE (NAME) 
U s e s :  
FIND-ADDRESS 
ADDRESSES 
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FIND-ADDRESS 
P r o v i d e s :  
FIND-ADDRESS (NAME) INDEX 
U s e s :  
ADDRESSES 
ADDRESSES 
C o n t a i n s :  
ADDRESS-LIST: {NAME + ADDRESS) 
A l l  o p e r a t i o n s  t h a t  l ead  " o f f  t h e  e d g e s "  o f  F i g u r e  3 - 4  c o r -  
r e s p o n d  t o  c o m m u n i c a t i o n s  w i t h  t h e  h i g h e r  l e v e l  ADDRESS BOOK 
o b j e c t  of F i g u r e  3-1.  T h i s  i d e a  o f  " b a l a n c e "  i s  s i m i l a r  t o  
t h a t  i n  l e v e l e d  d a t a  f l o w  d iagramming.  All o p e r a t i o n s  p r o -  
v i d e d  by  a n  ob jec t  mus t  a p p e a r  i n  i t s  d e c o m p o s i t i o n  d i a g r a m ,  
and  a l l  c o m m u n i c a t i o n s  " t o  t h e  o u t s i d e  w o r l d "  on  t h e  l o w e r  
l e v e l  d i a g r a m  m u s t  be ref lected i n  con imun ica t ions  w i t h  t h e  
h i g h e r  l e v e l  o b j e c t .  
Pn F i q u r e  3-4,  t h e  ob jec t  ADDRESS BOOK h a s  b e e n  c o m p l e t e l y  
decomposed i n t o  p r o c e d u r e s .  T h e r e  i s  o n e  p r o c e d u r e  f o r  e a c h  
b a s i c  ADDRESS BOOK o p e r a t i o n ,  and  o n e  a d d i t i o n a l  p r o c e d u r e  
w h i c h  is o n l y  used i n t e r n a l l y .  Besides  t h e  p r o c e d u r e s  i n  
F i g u r e  3-4,  t h e r e  is  a l s o  t h e  o b j e c t  ADDRESSES. As i n  p r e -  
v i o u s  d i a g r a m s ,  a n  o b j e c t  s u c h  a s  t h i s  r e p r e s e n t s  a s t o r e  o f  
d a t a .  S i n c e  i t  r e p r e s e n t s  t h e  i n t e r n a l  s t a t e  d a t a  o t  t h e  
h i g h e r  l e v e l  o b j e c t ,  i t  i s  c a l l e d  a " s t a t e  o b j e c t . "  P r o c e -  
d u r e s  a n d  s t a t e s  a r e  r e a l l y  d e q e n e r a t e  o b j e c t s .  P r o c e d u r e s  
a re  o b j e c t s  which  h a v e  no i n t e r n a l  s t a t e  d a t a  a n d  o n l y  s e r v -  
i ce  o n e  o p e r a t i o n .  S t a t e  o b j e c t s  c o n t a i n  d a t a  a n d  o n l y  
s e r v i c e  o p e r a t i o n s  t o  r e t r i e v e  and u p d a t e  t h a t  d a t a .  All 
o p e r a t i o n s  t o  a s t a t e  o b j e c t  i m p l i c i t l y  h a v e  o n e  d a t a  f low 
i n t o  o r  o u t  of t h e  o b j e c t .  Note t h a t  t h e  o b j e c t  d e s c r i p t i o n  
of  ADDRESSES a b o v e  i n d i c a t e s  t h e  t h i s  s t a t e  o b j e c t  c o n t a i n s  
a l i s t  of names and t h e i r  a s s o c i a t e d  addresses .  
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T h u s ,  u s i n q  procedure a n a  s t a t e  o b j e c t s ,  w e  h a v e  e x p o s e d  t n e  
g u t s  of ADDRESS BOOK as  a s t a t e  machine  i n  t h e  sense of F i g -  
u r e  2 -4 .  A t  t h i s  l o w  l e v e l  w e  have  d e f i n e d  e x a c t l y  wha t  
s t a t e  i n f o r m a t i o n  and p r o c e d u r e s  a r e  i n  A D D R E S S  BOOK. I f  
n e c e s s a r y ,  i t  is  now p o s s i b l e  t o  f u r t h e r  decompose t h e  p r o -  
c e d u r e s  by more t r a d i t i o n a l  means. A s  a r u l e ,  procedures  
s h o u l d  n o t  c o n t a i n  f u l l  o b j e c t s  o r  s t a t e s .  I f  t h e y  do, t h e y  
s h o u l d  be c o n s i d e r e d  as  f u l l  o b j e c t s  t h e m s e l v e s ,  e v e n  i f  
t h e y  perform o n l y  o n e  o p e r a t i o n .  
The main  p o i n t  of t h e  above  d i s c u s s i o n  is  t h a t  any  s y s t e m  
c a n  be r e p r e s e n t e d  a s  a s i n g l e  t o p - l e v e l  o b j e c t  which  c a n  be 
s u c c e s s i v e l y  decomposed,  u n t i l  a t  t h e  lowest  l e v e l  w e  reach 
" a e g e n e r a t e  o b j e c t s . "  The re  a r e  t h r e e  t y p e s  of d e g e n e r a t e  
o b j e c t s .  W e  have  p r e s e n t e d  t w o  t y p e s  a l r e a d y :  p r o c e d u r e s  
a n a  s t a t e s .  The t h i r d  t y p e  is  t h e  " a c t o r "  o b j e c t .  L i k e  a 
p rocedure ,  a n  a c t o r  h a s  no s t a t e  -- d a t a .  However, a n  a c t o r  
aoes h a v e  s t a t e ,  i n  a s e n s e ,  hav inq  t o  d o  w i t h  how i t  h a n d l e s  
t h e  f low of  c o n t r o l .  An a c t o r  o b j e c t  c a n  c o n t r o l  t h e  s e r v -  
i c i n g  of i t s  o p e r a t i o n s .  T h i s  i s  p r i m a r i l y  i m p o r t a n t  i n  t h e  
ccmmunication betwceii zzri?cLirreiit objects. 
3 . 3  ACTOR OBJECTS 
Wnen a procedure o p e r a t i o n  i s  invoked ,  t h e  p r o c e d u r e  s e r v i c e s  
i t  i m m e d i a t e l y .  I f  more t h a n  one o b j e c t  c o n c u r r e n t l y  i n v o k e s  
t h e  o p e r a t i o n  a t  t h e  same time, t h e n  t h e y  a r e  s e r v i c e d  c o n -  
c u r r e n t l y .  T h u s ,  a n  o b j e c t  w h i c h  i s  made up of  j u s t  p r o c e -  
d u r e s  a n d  s t a t e s  h a s  no c o n t r o l  of  t h e  s e r v i c i n g  o f  i t s  
o p e r a t i o n s .  If s e v e r a l  o p e r a t i o n s  a r e  i n v o k e d  c o n c u r r e n t l y ,  
t h e y  w i l l  be s e r v i c e d  c o n c u r r e n t l y ,  w i t h o u t  a n y  c o o r d i n a t i o n  
be tween  them.  T h i s  c a n  cause u n d e f i n e d  s i m u l t a n e o u s  a l t e r a -  
t i o n  t o  i n t e r n a l  s t a t e  da ta  and  o t h e r  u n p l e a s a n t  r e s u l t s .  
T h e  b a s i c  problem is  t h a t  m u l t i p l e  f l o w s  of  c o n t r o l  e n t e r  
t h e  ob jec t  and  p r o c e e d  t h r o u g h  i t  i n d e p e n d e n t l y  of each o t h e r .  
T h i s  p r o b l e m  c a n  be s o l v e d  w i t h  t h e  u s e  o f  a c t o r  o b j e c t s .  
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An ac to r  o b j e c t  c a n  d y n a m i c a l l y  dec ide  when t o  s e r v i c e  o n e  
of i t s  o p e r a t i o n s .  An ob jec t  w h i c h  i n v o k e s  a n  a c t o r  o p e r a -  
t i o n  m u s t  wai t  f i r s t  f o r  t h e  a c t o r  t o  decide t o  s e r v i c e  t h e  
o p e r a t i o n ,  and  t h e n  f o r  t h e  s e r v i c i n g  t o  be c o m p l e t e d .  On ly  
o n e  i n v o c a t i o n  o f  a s p e c i f i c  o p e r a t i o n  i s  s e r v i c e d  a t  a t i m e ,  
i n  a f i r s t  come, f i r s t  s e r v e  o r d e r  f o r  each o p e r a t i o n .  I f ,  
w h i l e  s e r v i c i n g  o n e  o p e r a t i o n ,  a n  a c t o r  d e c i d e s  t o  s e r v i c e  
a n o t h e r ,  t h e n  t h e  s e r v i c i n q  o f  t h e  f i r s t  o p e r a t i o n  i s  e f f e c -  
t i v e l y  s u s p e n d e d  u n t i l  t h e  s e r v i c i n g  of t h e  s e c o n d  o n e  is  
f i n i s h e d .  T h u s ,  s e v e r a l  c o n t r o l  f l o w s  c a n  e n t e r  a n  a c t o r ,  
b u t  o n l y  o n e  c a n  be a c t i v e  a t  any o n e  t i m e .  
A s  a s i m p l e  e x a m p l e ,  a n  a c t o r  o b j e c t  c a n  b e  u s e d  t o  r e p r e s e n t  
a v e r s i o n  o f  t h e  c l a s s i c a l  semaphore (see F i g u r e  3 - 5 ) :  
SEMAPHORE 
P r o v i d e s :  
WAIT ( )  
SIGNAL ( )  
F i g u r e  3-5. Semaphore A c t o r  
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READY 
C o n t a i n s :  
READY : BOOLEAN . .- 
A t  any o n e  t i m e ,  t h e  SEMAPHORE w i l l  s e r v i c e  e i t h e r  t h e  W A I T  
o p e r a t i o n  o r  t h e  S I G N A L  o p e r a t i o n ,  but- n o t  b o t h .  I t  d e c i d e s  
which  o p e r a t i o n  t o  service by u s i n s  a READY f l a q .  I f  t h e  
SEMAPHORE is  n o t  READY, t h e n  i t  w i l l  accept o n l y  S I G N A L  O P -  
e r a t i o n s ,  and  any  o b j e c t s  i n v o k i n q  t h e  W A I T  o p e r a t i o n  w i l l  
i n d e e d  h a v e  t o  w a i t .  When t h e  SEMAPHORE s e r v i c e s  a S I G N A L  
o p e r a t i o n ,  i t  becomes READY. W h i l e  t h e  SEMAPHORE i s  READY,  
i t  w i l l  a l s o  s e r v i c e  WAIT o p e r a t i o n s ,  of which  t h e r e  a l r e a d y  
may be some i n v o c a t i o n s  p e n d i n q .  When i t  s e r v i c e s  a ( s i n q l e )  
W A I T  o p e r a t i o n ,  t h e  SEMAPHORE once  a q a i n  becomes n o t  READY 
u n t i l  t h e  n e x t  S I G N A L  o p e r a t i o n .  We a s s u m e  t h a t  i n i t i a l l y  
t h e  SEMAPHORE is  READY. No te  t h a t  t h e r e  i s  no  way t o  decom- 
p o s e  SEMAPHORE i n t o  procedures ,  because t h e  a v a i l a b i l i t y  o f  
i t s  o p e r a t i o n s  c h a n q e s  o v e r  t i m e .  
A s e m a p h o r e  c a n ,  f o r  example ,  be u s e d  t o  e n s u r e  sa fe  access 
t o  d a t a  common t o  c o n c u r r e n t  ob jec ts .  F i q u r e  3 - 6  shows s u c h  
a u s e .  When e i t h e r  of t h e  t w o  p r o c e d u r e s  w a n t s  t o  a c c e s s  
t h e  common d a t a ,  i t  i n v o k e s  t h e  SEMAPHORE WAIT o p e r a t i o n .  
When t h i s  o p e r a t i o n  i s  se rv iced ,  t h e  p r o c e d u r e  c a n  s a f e l y  
access o r  u p d a t e  t h e  d a t a ,  and a l l  o t h e r  accesses w i l l  be 
h e l d  u p  u n t i l  t h e  SEMAPHORE i s  S I G N A L e d .  A l t e r n a t i v e l y ,  
t h i s  same e f f e c t  c o u l d  be a c h i e v e d  by d e f i n i n s  a new a c t o r  
o b j e c t  (see F i q u r e  3 - 7 )  : 
DATA- PROTECTOR 
P r o v i d e s :  
READ ( 1  DATA 
WRITE (DATA)  
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READY 
F i g u r e  3 - 6 .  Use of  a Semaphore 
COMMON 
DATA 
Fiqure 3 - 7 .  Data Protector  Actor 
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The DATA PROTECTOR actor would only service one RhAD or WRITE 
operation at a time, thus protecting COMMON-DATA from simul- 
taneous access. Either Figure 3 - 6  or 3 - 7  could be the de- 
composition of a "PROTECTED COMMON DATA" object which would 
provide READ and "ITE operations like the DATA PROTECTOR. 
However, in the composite object both the lower level use of 
actors and the internal state would be hidden. 
3 . 4  TRANSLATING OBJECT DIAGRAMS INTO ADA 
Using the object diagram notation, we can build a set of 
diagrams which completely describe the design structure o t  a 
system. Once this is done, the next step is to translate 
the design diagrams into code which provides a skeletal 
structure in which the remaining pieces o i  the system can be 
implemented. Though object diagrams provide a fairly gen- 
eral method for describing object-oriented designs, this 
translation step is most direct into Ada or similar lan- 
guages. The correspondence between our object notation and 
Ada is straightforward: 
Object Diagram , Ada 
Object 
Procedure 
State 
Actor 
Communication 
Package 
Procedure/Function 
Packaqe/Task Variables 
Entries/Accepts 
Procedure/Function/Entry Call 
To demonstrate the translation process, we return to the 
SCHEDULE ORGANIZER example. The first decomposition of this 
object was into three objects: USER IKTEKFACE, ADDRESS BOOK 
and DATE BOOK. We can now create packaqe specifications for 
these objects based on the first level decomposition diagram 
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( F i q u r e  3-1). O p e r a t i o n s  a r e  d e f i n e d  i n  t h e  packaue  w h i c h  
services  them.  The r e s u l t i n s  s p e c i f i c a t i o n s  a re :  
packaqe U S E R  - I N T E R F A C E  i s  
procedure RUN; 
end U S E R  I N T E R F A C E ;  
package A D D R E S S  BOOK is 
type ADDRESS is  
record 
S T R E E T  : S T R I N G  (1.. 3 0 )  ; 
C I T Y  : S T R I N G ( 1 .  - 2 0 ) ;  
S T A T E  : S T R I N G  (1. 2 )  ; 
Z I P  : S T R I N G  (1. .5 )  ; 
end: 
(NAME: i n  S T R I N G ;  
ENTRY:  i n  A D D R E S S )  ; 
(NAME: i n  S T R I N G )  ; 
(NAME: i n  S T R I N G ;  
ENTRY:  i n  A D D R E S S )  ; 
(NAME: i n  STRING) 
return ADDRESS;  
procedure ADD 
procedure REMOVE 
procedure CHANGE 
f u n c t i o n  LOOKUP 
end A D D R E S S  ROOK; 
packaqe DATE BOOK i s  
type DATE i s  
record 
YEAR : I N T E G E R  ranqe 0 0  .. 99;  
MONTH : I N T E G E R  ranqe 1 . . 1 2 ;  
DAY : I N T E G E R  ranqe 1 .. 3 1 ;  
end record; 
type TIME is I N T E G E R  range 0 .. 2 3 ;  
procedure G E T  A P P O I N T M E N T  
(DAY: i n  DATE; 
HOUR: i n  TIME; 
NAME: o u t  S T R I N G ;  
P L A C E :  o u t  A D D R E S S  BOOK.ADDRESS) ;  
(DAY:  i n  DATE; 
HOUR: i n  TIME; 
NAME: i n  S T R I N G ) ;  
procedure MAKE A P P O I G T M E N T  
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procedure CANCEL - APPOINTFlENT 
(DAY:  i n  DATE; 
HOUR: i n  TIME); 
end DATE BOOK; 
T h e  main  p r o q r a m  would t h e n  h a v e  t h e  fo rm:  
procedure SCHEDULE ORGANIZER is 
-- q l o b a l  t ype  d e f i n i t i o n s  
. 
-- p a c k a q e  s p e c i f i c a t i o n s  
. 
p a c k a q e  body USER INTERFACE is separate;  
p a c k a g e  body ADDRESS BOOK i s  separate; 
p a c k a g e  body DATE - BOoK is  separate; 
begin 
USER INTERFACE. RUN; 
end SCREDULE - ORGANIZER; 
T h e  s y s t e m  RUN o p e r a t i o n  i n  F i q u r e  3 - 3  r ep resen t s  t h e  invo-  
c a t i o n  of t h e  SCHEDULE - ORGANIZER m a i n  procedure by t h e  u se r .  
T h i s  i n  t u r n  causes t h e  c a l l  of USER INTERFACE.RUN, p a s s i n a  
t h e  f l o w  of c o n t r o l  t o  t h e  USER - INTERFACE. Note t h a t  pack-  
aqe USER - INTERFACE h a s  o n l y  t h e  o n e  R U N  p r o c e d u r e .  S i n c e  i t  
h a s  o n l y  t h i s  one  o p e r a t i o n  a n d  s i n c e  i t  i s  a c t i v e  f o r  t h e  
e n t i r e  t i m e  t h e  sys t em i s  r u n n i n q ,  i t  w o u l d  b e  accep tab le  t o  
i m p l e m e n t  IJSER - INTERFACE a s  a procedure.  The m a i n  prosram 
would t h e n  be j u s t  t h e  c a l l  " U S E R  - INTERFACE". Note t h a t  
t h i s  would n o t  c h a n q e  t h e  s t a t u s  o f  U S E R  INTERFACE a s  a n  
o b j e c t  o n  t h e  o b j e c t  d i a q r a m  ( F i q u r e  3 - 1 ) .  A t  t h e  n e x t  
l e v e l ,  w e  c o u l d  now c o d e  t h e  d e c l a r a t i v e  p a r t  o f  t h e  b o d i e s  
of t h e  above t h r e e  packaaes. A s  a n  example, c o n s i d e r  t h e  
ADDRESS - ROOK p a c k a a e .  From t h e  d e c o m p o s i t i o n  ob jec t  d i a q r a m  
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t o r  o b j e c t  ADDRESS BOOK ( F i q u r e  3 - 4 ) ,  w e  c a n  c o n s t r u c t  t h e  
f o l l o w i n q  body : 
separate ( S C H E D U L E  O R G A N I Z L R )  
package body ADDREFS - BOOK is 
- - -  t y p e  d e f i n i t i o n s  
t y p e  ADDRESS - RECORD is 
record 
NAME : S T R I N G ;  
ENTRY : ADDRESS;  
end record; 
BOGK S I Z E  : cons tan t  := 1 0 0 ;  
t y p e A D D R E S S  L I S T  TYPE is 
-- i n t e r n a l  s t a t e  
A D D R E S S E S  L I S T  : ADDRESS L I S T  TYPL; 
array (l..BOOK SIZE) of ADDRESS RECORD; - - 
- - - 
procedure ADD (hAME: in S T R I N G ;  EhUTRY: i n  A D D R E S S )  is 
separate; 
procedure RLMOVL (NAME: in S T R I N G )  is separate: 
procedure CHANGE (NAME: in S l R I N G ;  ENTRY: i n  ADDRESS)  
is separate; 
f u n c t i o n  LOOKUP (AuAME: i n  S T R I N G )  r e t u r n  ADDRESS is 
separate: 
end ADURESS - BOOK; 
T o  complete t h e  s y s t e m ,  w e  could imp lemen t  t h e  r e m a i n i n g  pro-  
c e d u r e s  u s i n g  more t r a d i t i o n a l  f u n c t i o n a l  d e s i s n  methods.  
l h e  o n l y  a p p l i c a b l e  A d a  u n i t  n o t  u sed  i n  t h e  a b o v e  example  
i s  t h e  t a s k .  I n  Ada, f o r  t h e  f low of c o n t r o l  t o  a c t u a l l y  
r e s i d e  i n  two u n i t s  a t  t h e  same t i m e ,  t h e s e  u n i t s  m u s t  be 
t a s k s .  T h e r e f o r e ,  i f  t h e r e  a r e  c o n c u r r e n t  o b j e c t s  i n  a n  
o b j e c t  d i a q r a m ,  t h e n  a t  l e a s t  some p a r t  of them m u s t  b e  
t r a n s l a t e d  i n t o  t a s k s .  A c t u a l l y ,  h i g h e r  l e v e l  c o n c u r r e n t  
o b j e c t s  w h i c h  a r e  decomposed i n t o  o t h e r  o b j e c t s  q e n e r a l l y  
c a n  s t i l l  be t r a n s l a t e d  a s  j u s t  packaqes. At t h e  lowest  
l e v e l ,  however ,  a t  l e a s t  some of  t h e  d e a e n e r a t e  o b j e c t s  com- 
p o s i n q  t h e  h i g h e r  l e v e l  o b j e c t  m u s t  be t a s k s .  T h e  d e q e n e r a t e  
o b j e c t  t h a t  u s u a l l y  s i g n a l s  t h e  use of  a n  A a a  t a s k  i s  t h e  
a c t o r .  
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An a c t o r  r e p r e s e n t s  q u i t e  c l o s e l y  t h e  r e n d e z v o u s  mechanism 
o f  a n  A d a  t a s k  body.  An Ada t a s k  c a n ,  however ,  h a v e  
i n t e r n a l  s t a t e  d a t a ,  w h i l e  a n  a c t o r  c a n n o t .  Thus  a n  a c t o r  
w o u l d  t r a n s l a t e  i n t o  a t a s k  w i t h o u t  a d e c l a r a t i v e  p a r t ,  a n d  
a n y  s t a t e  d a t a  w o u l d  be c o n t a i n e d  i n  a s u r r o u n d i n g  p a c k a g e .  
I t  is common t o  combine  t h e  s u r r o u n d i n g  p a c k a g e  w i t h  t h e  
I t a s k  t o  c r ea t e  a c o m p o s i t e  Ada ob jec t  wh ich  r e p r e s e n t s  t h e  
I a c t o r  a n d  t h e  d a t a  t h a t  i t  a l o n e  u s e s .  Fo r  e x a m p l e ,  t h e  
I SEMAPhORL ac to r  of F i g u r e  3 - 5  c o u l a  b e  t r a n s l a t e d  i n t o :  
I 
task SEMAPHORE is  
e n t r y  S I G N A L ;  
entry  W A I T ;  
end SEMAPHORE; 
task  body SEMAPHORE is 
begin 
READY : BOOLEAN := TRUE; 
loop 
select  
when READY = >  
accept  WAIT ; 
READY := FALSE; 
accept  S I G N A L ;  
READY := TRUE; 
terminate:  
or  
e lse  
end select: 
end loop: 
end SEMAPHORE; 
- -  s t a t e  o b j e c t  READY 
-- b e g i n  a c t o r  SEMAPHORE 
-- e n d  of a c t o r  
N o t e  how t h e  READY f l a g  i s  i n c l u d e d  i n  t h e  t a s k ,  a n u  how t h e  
a c t o r  o b j e c t  r e p r e s e n t s  t h e  e x e c u t a b l e  p a r t  o f  t h e  t a s k  body.  
A r e n d e z v o u s  w i t h  t h e  t a s k  c o r r e s p o n d s  t o  a c o m m u n i c a t i o n  
w i t h  t h e  a c t o r  o b j e c t  and  acceptinq a n  e n t r y  c o r r e s p o n d s  t o  
s e r v i c i n a  a n  o p e r a t i o n .  
Now, i f  w e  u s e d  SEMAPHORE t o  implement  a PROTECTED CONMON 
DATA o b j e c t  w i t h  t h e  d e c o m p o s i t i o n  shown i n  F i q u r e  3-6,  w e  
c o u l a  t r a n s l a t e  t h e  o b j e c t  a s  a p a c k a g e  e v e n  t h o u g h  i t  would 
be c o n c u r r e n t  w i t h  o t h e r  o b j e c t s .  I t  would,  however ,  c o n t a i n  
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t h e  SEMAPHOkE t a s k  a s  t h e  t r a n s l a t i o n  of p a r t  of i t s  decom- 
p o s i t i o n .  T h e  h i g h e r  level package  t r a n s l a t i o n  m i g h t  be:  
package PROTECTED COMMON DATA i s  
procedure READ (x: o u t  DATA) ; 
procedure W R I T E ( X :  i n  DATA) ; 
end PROTECTED - COMMON - DATA; 
package body PROTECTED - COMMON - DATA is 
COMMON - DATA : DATA; -- i n t e r n a l  s t a t e  
t a s k  SEMAPHORE is 
e n t r y  S I G N A L ;  
e n t r y  W A I T ;  
end SEMAPHORE ; 
t a s k  body SEMAPHORE is separate; 
procedure R E A D ( X :  o u t  DATA) is 
b e g i n  
SEMAPHORE. W A I T ;  
X := COMMON DATA; 
s EMAPHGRE . STGNAL ; 
end READ; 
procedure W H I T E ( X :  i n  DATA) is 
beg in  
SEMHPHORE.WAIT;  
COMMON DATA := X ;  
s E M A P H ~ R E  .s IGNAL ; 
end PROTECTED - COMMON - DATA; 
end W R I T E ;  
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The  a e s i g n  of  F i g u r e  3 - 7  would a c t u a l l y  be a b e t t e r  u s e  o t  
A d a  t a s k i n q .  I n  t h i s  c a s e ,  PROTECTED COMMON DATA could. be 
t r a n s l a t e d  i n t o  a s i n q l e  t a s k :  
t a s k  PROTECTED COMMON DATA i s  
e n t r y  READ (X: o u t  DATA) ; 
e n t r y  W R I T E  ( X :  i n  D A T A ) ;  
end P R O T E C T E D  - COMMON - DATA; 
task  body PROTECTED - COMMON - DATA i s  
begin 
COMMON - DATA : DATA; - -  i n t e r n a l  s t a t e  
loop - -  b e g i n  a c t o r  DATA-PROTECTOR 
se lect  
accept  READ ( X :  out DATA) do 
end READ;  
accept  W R I T E  ( X :  i n  DATA) do 
end WRITE; 
terminate;  
X := COMMON - DATA; 
or 
COMMON DATA := X ;  
o r  
end select; 
end PROTECTED - COMMON - DATA; 
end loop; - -  ena of a c t o r  
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SECTION 4 - OBJLCT-ORIENTED D E S I G N  
U s i n g  t h e  c o n c e p t s  a n a  n o t a t i o n  o f  o b j e c t  d i a g r a m s ,  t h i s  
s e c t i o n  d e a l s  w i t h  two main q u e s t i o n s :  
0 What m a k e s  a good o b j e c t ?  
0 H o w  a r e  d e s i g n s  c o n s t r u c t e d  f rom o b j e c t s ?  
Whi l e  w e  c a n n o t  p r o v i d e  a l l - e n c o m p a s s i n g  a n s w e r s  t o  t h e s e  
q u e s t i o n s ,  w e  d o  p r o v i d e  p r i n c i p l e s  t o  g u i d e  t h e  d e s i g n  
p r o c e s s .  They a r e  h e u r i s t i c s ,  n o t  l a w s ,  b u t  t h e y  do  p r o v i d e  
a p o w e r f u l  means f o r  c o n s t r u c t i n q  and compar ing  a l t e r n a t i v e  
d e s i g n s .  They a r e  t h u s  t o o l s  t o  a i d  t h e  s o f t w a r e  d e s i a n e r  
i n  h i s  ( o r  h e r )  e n g i n e e r i n g  a r t .  
4 . 1  P R I N C I P L E S  FOR D E S I G N I N G  OBJECTS 
The  i n t e n t  o f  a n  o b j e c t  i s  t o  r e p r e s e n t  a problem-domain  
e n t i t y .  T h e  c o n c e p t  of  " a b s t r a c t i o n "  d e a l s  w i t h  how a n  
o b j e c t  p r e s e n t s  t h i s  r e p r e s e n t a t i o n  t o  o t h e r  o b j e c t s  
[ D i j k s t r a  68 ,  L i s k o v  74 ,  Ledqard  7 7 ,  Booch 8 3 1 .  A s  s o f t w a r e  
m o d e l s ,  ob jec ts  s h o u l d  a l s o  a c t  a s  b l a c k  b o x e s  t o  a l l o w  e a s y  
d e b u g g i n g  and  m a i n t e n a n c e .  The c o n c e p t  of  " i n f o r m a t i o n  h i d -  
i n g "  dea l s  w i t h  w h a t  a n  o b j e c t  k e e p s  s e c r e t  f rom o t h e r  o b -  
j ec t s  [ P a r n a s  721. These  two c o n c e p t s  p r o v i d e  t h e  main  
g u i d e s  f o r  a s s e s s i n g  a n  o b j e c t .  A ' 'good" o b j e c t  t h u s  r e p r e -  
s e n t s  a p r o b l e m  domain  e n t i t y  and  h i d e s  c l o s e l y - r e l a t e d  i n -  
f o r m a t i o n  t h a t  i s  l i k e l y  t o  change  if t h e  imp le r r t en ta t ion  of 
t h e  o b j e c t  c h a n g e s .  
T h e r e  is a s p e c t r u m  of a b s t r a c t i o n ,  f rom o b j e c t s  wh ich  
c l o s e l y  model p r o b l e m  domain e n t i t i e s  t o  o b j e c t s  w h i c h  
r e a l l y  h a v e  no  r e a s o n  f o r  e x i s t e n c e .  T h e  f o l l o w i n g  a r e  some 
p o i n t s  o n  t h a t  scale:  
E n t i t y  A b s t r a c t i o n  B e s t  
A c t i o n  A b s t r a c t i o n  
V i r t u a l  Machine A b s t r a c t i o n  
Co i n c  i d  e n  t a 1 
1 
A b  s t r ac t i o n  'I W o r s t  
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E a c h  k i n d  of a b s t r a c t i o n  i n  t h i s  sca le  i s  a s u b s e t  o f  t h e  
k i n d  be low it .  
An " e n t i t y  . .- a b s t r a c t i o n "  i s  a n  o b j e c t  wh ich  r e p r e s e n t s  a u s e -  
f u l  model  o f  a p r o b l e m  domain e n t i t y .  T h e  e n t i t y  c o u l d  be 
a s  c o n c r e t e  a s  a n a r d w a r e  s e n s i n g  d e v i c e  o r  more a b s t r a c t ,  
s u c h  a s  a c o m p i l e r  symbol  t a b l e .  We i n c l u d e  "da ta  abs t r ac -  
t i o n "  u n d e r  e n t i t y  a b s t r a c t i o n  a s  d e n o t i n g  o b j e c t s  w h i c h  
d e f i n e  t y p e  manage r s .  
" A c t i o n  a b s t r a c t i o n "  moves f r o m  a b s t r a c t i n g  t h e  p r o p e r t i e s  
of - t h i n q s  t o  a b s t r a c t i n a  t h e  p r o p e r t i e s  of a c t i o n s .  A n  ac-  
t i o n  a b s t r a c t i o n  i s  a n  o b j e c t  which  p r o v i d e s  a q e n e r a l i z e d  
se t  o f  o p e r a t i o n s  w h i c h  a l l  p e r f o r m  t h e  same k i n d  o f  a c t i o n .  
A g e n e r a l  " i n p u t  h a n d l e r "  o r  a "math p r o c e s s o r ' '  would be 
a c t i o n  a b s t r a c t i o n s .  P r o c e d u r e s  a r e  g e n e r a l l y  a c t i o n  ab -  
s t r a c t i o n s .  
" V i r t u a l  mach ine  a b s t r a c t i o n s "  a r e  o b j e c t s  w h i c h  g r o u p  
t o g e t h e r  o p e r a t i o n s  which  a r e  a l l  u s e d  by some s u p e r i o r  
l e v e l  of c o n t r o l  o r  a l l  u s e  some j u n i o r  l e v e l  s e t  of  o p e r a -  
t i o n s .  h h i l e  t h e  c o n c e p t  of a " v i r t u a l  mach ine"  w i l l  b e  
u s e f u l  l a t e r  o n ,  i t  i s  n o t  a v e r y  qood c r i t e r i o n  f o r  c o n -  
s t r u c t i n g  o b j e c t s .  Such  o b j e c t s  s r o u p  t o g e t h e r  u n r e l a t e d  
a c t i o n s  o n  t h e  b a s i s  of t h e i r  b e i n g  a t  a b o u t  t h e  same ' ' l e v e l  
o f  c o n t r o l . "  
F i n a l l y ,  " c o i n c i d e n t a l  a b s t r a c t i o n "  i s  r e a l l y  no  a b s t r a c t i o n  
a t  a l l .  A c o i n c i d e n t a l l y  a b s t r a c t  o b j e c t  p a c k a g e s  a s e t  of 
o p e r a t i o n s  w h i c h  h a v e  n o  r e l a t i o n  t o  each. o t h e r  i n  a n y  
s u b s t a n t i a l  way a n d  p r o b a b l y  do n o t  e v e n  g e t  a l o n g  w e l l  
t o g e t h e r .  
I n f o r m a t i o n  h i d i n g  i s  complementary  t o  a b s t r a c t i o n .  T n e  
s t r o n g e r  t h e  a b s t r a c t i o n  of  a n  o b j e c t ,  t h e  more d e t a i l s  a r e  
s u p p r e s s e d  by t h e  a b s t r a c t  c o n c e p t .  T h e  p r i n c i p l e  o f  i n t o r -  
m a t i o n  h i d i n g  s t a t e s  t h a t  s u c h  d e t a i l s  s h o u l d  be k e p t  s e c r e t  
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f r o m  o t h e r  o b j e c t s  [ P a r n a s  72 ,  Booch 831. W h i l e  good ab- 
s t r a c t i o n  p r o m o t e s  i n f o r m a t i o n  h i d i n g ,  and  o f t e n  v i c e  v e r s a ,  
i t  is p o s s i b l e  t o  c o n s t r u c t  o b j e c t s  which  have  h i g h  a b s t r a c -  
t i o n ,  b u t  p r o v i d e  ways t o  e x p o s e  t h e i r  c o n t e n t s .  C o n v e r s e l y ,  
i t  is  p o s s i b l e  t o  h i d e  i n f o r m a t i o n  w e l l  w i t h o u t  c o n s t r u c t i n g  
good a b s t r a c t i o n s .  The b e s t  o b j e c t s  s h o u l d  t h u s  be c o n -  
s t r u c t e d  t o  p r o v i d e  o p e r a t i o n s  on a b s t r a c t  e n t i t i e s  a n d  t o  
c a r e f u l l y  h i d e  i n t e r n a l  r e p r e s e n t a t i o n s  and  r e l a t e d  secre ts .  
4 . 2  PRINCIPLES FOR D E S I G N I N G  SYSTEMS 
F o l l o w i n g  [ R a j l i c h  851 ,  w e  w i I l  c o n s i d e r  two b a s i c  o r t h o g o n a l  
h i e r a r c h i e s  i n  s o f t w a r e  s y s t e m  d e s i q n s .  The " p a r e n t - c h i l d  
h i e r a r c h y "  d e a l s  w i t h  t h e  d e c o m p o s i t i o n  of l a r g e r  o b j e c t s  
i n t o  smaller  component  o b j e c t s  ( a s  d i scussed  i n  S e c t i o n  3 . 2 ) .  
T h e  " s e n i o r i t y  h i e r a r c h y "  d e a l s  w i t h  t h e  o r g a n i z a t i o n  of a 
se t  of o b j e c t s  i n t o  " l a y e r s . "  Each l a y e r  d e f i n e s  a " v i r t u a l  
mach ine"  [ D i j k s t r a  681 which  p r o v i d e s  a s e t  of  s e r v i c e s  t o  
s e n i o r  l a y e r s .  
T h e  ob jec t  d i a g r a m  n o t a t i o n  c a n  d i s t i n c t l y  r e p r e s e n t  t hese  - 
h i e r a r c h i e s .  The l e v e l i n q  of  o b j e c t  a i a q r a m s  d i r e c t l y  e x -  
p r e s s e s  t h e  p a r e n t - c h i l d  h i e r a r c h y  (see F i g u r e  4 - 1 ) .  O n  t n e  
o t h e r  hand ,  t h e  t o p o l o g y  of c o n n e c t i o n s  on  a s i n g l e  o b j e c t  
d i a g r a m  shows t h e  s e n i o r i t y  h i e r a r c h y  (see F i g u r e  4 - 2 ) .  
(Note t h e  q u i t e  l i t e r a l  o r t h o g o n a l i t y  o f  t hese  two h i e r -  
a r c h i e s  i n  F i g u r e  4 - 1 1 )  Any l a y e r  i n  a s e n i o r i t y  h i e r a r c h y  
c a n  c a l l  on  any  o p e r a t i o n s  i n  j u n i o r  l a y e r s ,  b u t  n e v e r  a n y  
o p e r a t i o n  i n  a s e n i o r  l a y e r .  T h u s ,  i f  w e  q r o u p  o b j e c t s  i n t o  
v i r t u a l  machine  l a y e r s ,  t h e s e  l a y e r s  a r e  a l w a y s  r e l a t e d  by a 
d i r e c t e d ,  a c y c l i c  g r a p h .  From F i g u r e  4 - 2  w e  w o u l d  g e t  t h e  
g r a p h  shown i n  F i q u r e  4-3. A l l  c y c l i c  r e l a t i o n s h i p s  be tween  
o b j e c t s  m u s t  be c o n t a i n e d  w i t h i n  a v i r t u a l  mach ine  l a y e r .  
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T h e  g e n e r a l  s t r u c t u r e  of a n  o b j e c t - o r i e n t e d  d e s i g n  a s  p r e -  
s e n t e d  here  i s  a s e n i o r i t y  h i e r a r c h y  o f  v i r t u a l  m a c h i n e s ,  
e a c h  o f  whose componen t s  is decomposed i n t o  c h i l d r e n  o b j e c t s .  
T h e  c h i l d r e n  o f  each o b j e c t  a r e  t h e m s e l v e s  o r g a n i z e d  i n  s e n -  
i o r i t y  h i e r a r c h i e s ,  a n d  s o  on .  F i g u r e  4 - 4  s h o w s  a s t y l i z e d  
o v e r v i e w  of t h e  t o p  l e v e l  ob jec t  d i a g r a m  o f  s u c h  a s y s t e m .  
F i g u r e  4 - 4  u s e s  t h e  words  ' ' a f f e r e n t "  a n d  " e f f e r e n t "  i n  t h e  
i n p u t / o u t p u t  s e n s e  of [Yourdon 7 9 1 .  Thus  t h e  v i r t u a l  ma- 
c h i n e s  p r o v i d e  o p e r a t i o n s  f o r  THE SYSTEM t o  i n p u t ,  p r o c e s s  
a n d  o u t p u t  d a t a .  Lower l e v e l  o b j e c t  diaqrams w i l l  a l s o  h a v e  
a s t r u c t u r e  s i m i l a r  t o  F i g u r e  4 - 4 .  However,  i n s t e a d  o f  a 
s i n g l e  m o s t - s e n i o r  o b j e c t ,  t h e y  w i l l  g e n e r a l l y  have  a s e t  o f  
s e n i o r  l e v e l  ob jec ts  w h i c h  implement  t h e  o p e r a t i o n s  of  t h e  
p a r e n t  o b j e c t .  T h e s e  s e n i o r  o b j e c t s  u s e  t h e  j u n i o r  v i r t u a l  
m a c h i n e  o p e r a t i o n s  t o  d o  t h i s .  
Note t h a t  w e  h a v e  n o t  made t h e  v i r t u a l  m a c h i n e  l a y e r s  i n  
E i g u r e  4 - 4  i n t o  o b j e c t s  t h e m s e l v e s .  Such  o b j e c t s  would q e n -  
e r a l l y  h a v e  o n l y  ( s u r p r i s e ! )  v i r t u a l  mach ine  a b s t r a c t i o n .  
E a c h  v i r t u a l  mach ine  l a y e r  s h o u l d  t h e r e f o r e  be composed o f  
o b j e c t s  w i t h  h i g h e r  a b s t r a c t i o n .  F i g u r e  4-5 shows o n e  a p -  
p r o a c h ,  r e m i n i s c e n t  o f  s t r u c t u r e d  d e s i g n  [Yourdon 791.  T h e s e  
v i r t u a l  mach ine  componen t s  w o u l d  h a v e ,  a t  bes t ,  a c t i o n  ab-  
s t r a c t i o n .  A b e t t e r  a p p r o a c h  i s  t o  i d e n t i f y  a p p r o p r i a t e  
p r o b l e m  domain  e n t i t i e s  and  c r e a t e  e n t i t y  a b s t r a c t i o n s  w h i c h  
p a c k a g e  a f f e r e n t ,  t r a n s f o r m  and e f f e r e n t  o p e r a t i o n s  €or  each 
e n t i t y  ( see  F i g u r e  4 - 6 ) .  T h e  p a r e n t - c h i l d  d e c o m p o s i t i o n  of  
t h e  m o s t - s e n i o r  o b j e c t  THE SYSTEM m i g h t  s t i l l  be a s t r u c -  
t u r e d  d e s i g n  s t y l e  afferent-transform-efferent h i e r a r c h y .  
B u t  now i t  c o u l d  be d e s i g n e d  a s  i f  t h e  v i r t u a l  m a c h i n e  o p e r -  
a t i o n s  where " p r i m i t i v e  o p e r a t i o n s "  i n  a n  e x t e n d e d  l a n g u a g e .  
T h e s e  " j u n i o r  l e v e l "  ( i n  a c o n t r o l  s e n s e )  o p e r a t i o n s  a r e  
t h e m s e l v e s  d e f i n e d  w i t h i n  o b j e c t s  w h i c h  r e 9 r e s e n t  t h e  s p e -  
c i f i c  e n t i t i e s  w i t h  w h i c h  t h e  o p e r a t i o n s  d e a l .  
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Figure 4-5. Input/Process/Output Virtual Machine 
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Figure 4-6. A Better Virtual Machine Decomposition 
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T h e  s e n i o r i t y  h i e r a r c h y  dea l s  m a i n l y  w i t h  c o n t r o l :  t n e  
s e n i o r  l e v e l s  c o n t r o l  t h e  o p e r a t i o n  of t h e  j u n i o r  l e v e l s .  
T o  v a r y i n g  d e g r e e s ,  s e n i o r  l e v e l s  c a n  a l s o  c o n t r o l  t h e  d a t a  
f l o w  and i n t e r a c t i o n  be tween  components  o f  j u n i o r  l a y e r s .  
C o n s i d e r  t h e  automated m a n u f a c t u r i n g  p l a n t  s i m u l a t i o n  s y s t e m  
diagrammed i n  F i g u r e  4 - 7 .  Note  t h a t  t h e  j u n i o r  c o m p o n e n t s  
do  n o t  i n t e r a c t  d i r e c t l y .  As p a r t  of i t s  u s e  o f  t h e  v i r t u a l  
mach ine  o p e r a t i o n s ,  t h e  PLANT SIMULATOR m u s t  c o n t r o l  t h e  
f l o w  of  d a t a  b e t w e e n  t h e  t h r e e  v i r t u a l  mach ine  componen t s .  
T h i s  h a s  t h e  a d v a n t a g e  t h a t  none  of t h e  j u n i o r  componen t s  
n e e d s  t o  know a n y t h i n g  a b o u t  a n y  o f  t h e  o t h e r  c o m p o n e n t s .  
However,  t h e  s e n i o r  o b j e c t  has t o  do a l o t  of work s i m p l y  
p a s s i n g  d a t a  f rom o n e  j u n i o r  o b j e c t  t o  a n o t h e r .  
/I 
VIRTUAL MAcHllJE 
”c,‘VIRTUAL MAcHllJE 
LAYER 
F i g u r e  4 -7 .  An Automated M a n u f a c t u r i n g  P l a n t  S i m u l a t i o n  
S y s t e m  
S u p p o s e  w e  remove t h e  d a t a  f l o w  c o n t r o l  f rom t h e  s e n i o r  
o b j e c t  a n d  l e t  t h e  j u n i o r  o b j e c t s  p a s s  d a t a  d i r e c t l y  (see 
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F i g u r e  4 - 8 ) .  T h i s  t y p e  of d e s i g n  was, i n  f a c t ,  u s e a  f o r  
p a r t  of our  p i l o t  p r o j e c t  s i m u l a t o r .  T h e  s e n i o r  o b j e c t  h a s  
b e e n  reduced t o  s i m p l y  a c t i v a t i n g  v a r i o u s  o p e r a t i o n s  i n  t h e  
v i r t u a l  m a c h i n e .  T h e s e  o p e r a t i o n s  c a n  t h e n  u s e  o t h e r  
o p e r a t i o n s  i n t e r n a l  t o  t h e  v i r t u a l  machine  t o  p a s s  d a t a  a n a  
commands b e t w e e n  component  o b j e c t s .  T h i s  means  t h a t  some 
o b j e c t s  m u s t  h a v e  knowledge  of  some o t h e r  o b j e c t s  w i t h i n  t h e  
v i r t u a l  m a c h i n e  l a y e r ,  l i m i t i n g  any p o s s i b l e  f u t u r e  uses of  
t h e  c o m p o n e n t s  a p a r t  f rom t h i s  v i r t u a l  mach ine .  An aaded 
c o m p l i c a t i o n  i s  t h e  p o s s i b l e  need f o r  b u f f e r i n g  o f  i ncoming  
d a t a  a s  s t a t e  i n f o r m a t i o n  i n  some ob jec t s ,  u n t i l  t h e  n e x t  
c o n t r o l  a c t i v a t i o n  f rom t h e  s e n i o r  o b j e c t .  
I- 
SIWATION -
DATA TFUWFER 
t t OpERAnaJS 
DATA TFWNSTR 
0pERAnm-s v 
M M M 
F i g u r e  4-8. P l a n t  S i m u l a t o r  w i t h  J u n i o r - L e v e l  C o n n e c t i o n s  
N e  c a n  e v e n  remove t h e  s e n i o r  o b j e c t  c o m p l e t e l y  by d i s t r i b -  
u t i n g  c o n t r o l  among t h e  j u n i o r  o b j e c t s .  By making the 
4 - 1 1  
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r e m a i n i n q  o b j e c t s  c o n c u r r e n t  and p a s s i n q  d a t a  t h r o u q h  s y n -  
c h r o n i z i n q  r e n d e z v o u s ,  w e  c a n  a l so  o f t e n  e l i m i n a t e  t h e  above  
n e e d  f o r  b u f f e r i n s .  F i q u r e  4-9 shows a n  example  of s u c h  a 
d e s i q n .  The  s e n i o r i t y  h i e r a r c h y  h a s  c o l l a p s e d ,  l e a v i n s  a 
nhomoloqousn  o r  n o n - h i e r a r c h i c a l  d e s i q n  [Yourdon 791 ( n o n -  
s e n i o r i t y - h i e r a r c h i c a l ,  t h a t  i s ;  t h e  p a r e n t - c h i l d  h i e r a r c h y  
s t i l l  r e m a i n s ) .  A d e s i q n  which  i s  homoloqous  a t  a l l  p a r e n t -  
c h i l d  l e v e l s  i s  v e r y  s i m i l a r  t o  what w o u l d  be produced by 
Georse C h e r r y ' s  PAMELA methodoloqy € o r  real- t ime app l i ca -  
t i o n s  [ C h e r r y  8 5 a ,  C h e r r y  8 5 b l .  
1 
F i q u r e  4-9. P l a n t  S i m u l a t o r ,  Homoloqous D e s i q n  
I t  is  sometimes p o s s i b l e  t o  r e c o v e r  a s e n i o r i t y  h i e r a r c h y  
f rom a s e e m i n q l y  homoloqous  d e s i q n .  F i q u r e  4 - 1 0  shows a 
s i m p 1  i f i e d  real- t ime a i  rcraf  t on-boa r d  m o n i t o r  i n s  s y s  t e m .  
The sys t em is  h i g h l y  c o n c u r r e n t  w i t h o u t  c e n t r a l i z e d  c o n t r o l .  
Note t h e  r e p r e s e n t a t i o n  of  i n t e r r u p t s  ("SMOKE ALARM'' and  
"KEYSTROKE") a s  o p e r a t i o n s  o r i q i n a t i n q  o u t s i d e  t h e  sys tem.  
Due t o  t h e  real- t ime n a t u r e  o f  t h e  s y s t e m ,  a c t i o n s  of t h e  
s y s t e m  a r e  caused  by o u t s i d e  e v e n t s ,  w i t h  c o n t r o l  f l o w i n q ,  
IPAMELA i s  a t r a d e m a r k  of Georqe W .  C h e r r y .  
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r o u q h l y ,  from t h e  l e f t  i n  F i q u r e  4 -10  t o  t h e  r i q h t ,  where 
r e s u l t s  a r e  d i s p l a y e d  f o r  t h e  p i l o t .  Thus ,  by  t u r n i n q  F i q -  
u r e  4 -10  on  i t s  s i d e ,  t h e  ob jec t s  become o r q a n i z e d  i n  a 
s e n i o r i t y  h i e r a r c h y  (see F i a u r e  4 - 1 1 ) .  The d i a q r a m  h a s  b e e n  
r e o r q a n i z e d  a c c o r d i n q  t o  c a l l i n q  d i r e c t i o n s .  S i n c e  a c t i o n  
i s  i n i t i a t e d  by e x t e r n a l  s t i m u l u s ,  t h e  i n p u t  i n t e r f a c e s  a r e  
a t  t h e  t op  of t h e  s e n i o r i t y  h i e r a r c h y  a s  t w o  c o n c u r r e n t ,  
most s e n i o r  ob jec t s .  The system is  i n p u t  d r i v e n  i n  a v e r y  
l i t e r a l  s e n s e :  t h e  s e n i o r - l e v e l ,  c o n t r o l l i n q  o b j e c t s  a r e  
t h e  o n e s  c loses t  t o  t h e  i n p u t .  The j u n i o r - l e v e l ,  c o n t r o l l e d  
o b j e c t s  p r o d u c e  t h e  o u t p u t .  T h i s  i s  a q u i t e  n a t u r a l  o r q a n i -  
z a t i o n  € o r  s u c h  a n  embedded,  r e a l - t i m e  s y s t e m .  
I 
I 
I 
1 
RIGHT KEYSTROKE 
FECORDER 
F i q u r e  4-10 .  A i r c r a f t  M o n i t o r i n q  System 
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RECORDER 
F i g u r e  4 - 1 1 .  A i r c r a f t  M o n i t o r i n g  S y s t e m  W i t h  S e n i o r i t y  
H i e r a r c h y  
T h e  m a i n  a d v a n t a g e  of a s e n i o r i t y  h i e r a r c h i c a l  d e s i g n  i s  
t h a t  i t  r e d u c e s  t h e  " c o u p l i n g "  (in t h e  s e n s e  o f  [Yourdon 7 9 1 )  
of the v i r t u a l  mach ine  components .  T h i s  i s  because each 
v i r t u a l  m a c h i n e  l a y e r  n e e d s  t o  know n o t h i n a  a b o u t  i t s  s e n -  
i o r s .  I t  i s  p o s s i b l e  t o  c o m p l e t e l y  r e p l a c e  s e n i o r - l e v e l  
c o n t r o l l e r s  w i t h o u t  a f f e c t i n g  t h e  j u n i o r  l e v e l s  a t  all. I n  
t h e  s t r o n g e r  v e r s i o n  where t h e  s e n i o r  leyels  a l s o  c o n t r o l  
a a t a  f l o w ,  t h e  v i r t u a l  mach ine  component  o b j e c t s  a r e  e v e n  
4-14 
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decoupled from each other. Tnis means that they are parti- 
cularly adaptable to future use, and that they are less 
likely to propagate or be affected by changes in the system. 
The centralization of the procedural and data flow control 
can make the system easier to understand and modify. On the 
other hand, this very centralization can cause a messy 
bottleneck in the data flow between objects. Even if this 
is eliminated, complicated scheduling can sometimes result 
in a similar control bottleneck. In addition, if the con- 
trol and scheduling of junior objects depends heavily on 
information internal to them, then centalizing control could 
reduce their level of information hiding and abstraction. 
In this case a more homologous design would be appropriate. 
In large real-time systems with low level external stimuli, 
it can be particularly useful to eliminate the senior level 
data and control bottleneck and take advantage of distrib- 
uted, concurrent control [Cherry 85al. Even in this case it 
is sometimes possible, as discussed above, to recast a con- 
current, homologous design in the form of a seniority hier- 
archy without the usual disadvantages. In general, however, 
the best design will be between the extremes of use of: the 
seniority hierarchy. 
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SECTION 5 - ABSTRACTION ALVALYSIS 
Object diagrams ana the object-oriented design concepts dis- 
cussed in the previous sections can be used as part of an 
object-oriented life cycle. Section 3 . 4  described how ob- 
ject diagrams can be translated into Ada. However, we must 
also be able to create an initial object-oriented design 
from a system specification. We use structured analysis to 
develop the specification [DeMarco 791. The data flow dia- 
grams of a structured specification provide a leveled, 
graphical notation containing the information needed to rep- 
resent abstract entities, but in a form emphasizing data 
flow and data transformation. "Abstraction analysis" is the 
process of making the transition from a structured specifi- 
cation to to an object-oriented design [Stark 861. 
The main idea in producing an initial design is to identify 
objects, map them back to the requirements, and then identify 
the operations. Abstraction analysis transforms a structured 
specification into an object-oriented design by first iden- 
tifying abstract - entities and a tentative control hierarchy, 
and then identifying objects, operations, and a hierarchy ot 
virtual machines. As an intermediate step between data flow 
diagrams and the control-tlow oriented object diagrams we 
create an "entity graph". This graph shows the interconnec- 
tions of the abstract entities in the problem domain from a 
control point of view, where the data flow diaarams give a 
data exchange point of view. Since the direction of control 
and design complexity are also considered in creating an 
object diagram, the best objects ana the best abstract enti- 
ties are not necessarily the same. 
Operations are identified from processes and data stores con- 
tained by an object, and by the data flow between objects. 
Fortunately, data flow diagrams are analogous to object dia- 
grams in that they are developed from a higher level of 
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a b s t r a c t i o n  t o  a more d e t a i l e d  view.  Our a p p r o a c h  c a n  q e n -  
e r a t e  l e v e l e d  o b j e c t  d i a q r a m s  b e c a u s e  of  t h i s  p r o p e r t y .  We 
w i l l  f i r s t  a i s c u s s  t h e  iaeas  used  i n  p e r f o r m i n g  a b s t r a c t i o n  
a n a l y s i s  and  how t h e y  a r e  u s e d  t o  i d e n t i f y  o b j e c t s .  we w i l l  
t h e n  d i s c u s s  t h e  e n t i r e  p r o c e s s  of  d e s i g n i n g  f rom a s t r u c -  
t u r e d  s p e c i f i c a t i o n .  
S e c t i o n  4 d i s c u s s e d  t h e  t r a d e o f t  b e t w e e n  t h e  l o o s e  c o u p l i n g  
g e n e r a t e d  by a s t r o n g  s e n i o r i t y  h i e r a r c h y  a n d  t h e  r e a l  t i m e  
p e r t o r m a n c e  of  a homologous  d e s i q n .  Here w e  w i l l  d e s c r i b e  
t h e  n a t u r e  o f  a b s t r a c t i o n  and  c o n t r o l  i s s u e s  t h a t  h a v e  t o  b e  
facea.  T h e  p r o c e d u r e  u s e d  t o  p r o d u c e  a n  o b j e c t  d i a g r a m  f i r s t  
e n t a i l s  i d e n t i f y i n g  c e n t r a l  e n t i t i e s  and  v i r t u a l  i n t e r t a c e s ,  
s e c o n d l y  i d e n t i f y i n g  o b j e c t s ,  a n d  t h e n  u s i n g  t h e  r e s u l t s  o i  
t h e s e  t w o  s t e p s  t o  p r o d u c e  a n  o b j e c t  d i a g r a m .  
W e  w i l l  i l l u s t r a t e  t h i s  p r o c e s s  w i t h  a v e r s i o n  of t h e  Gamma 
Ray O b s e r v a t o r y  ( G R O )  A t t i t u d e  D y n a m i c s  S i m u l a t o r  (GRODY)  
p i l o t  p r o j e c t  [ A g r e s t i  861. A n a l y s t s  u s e  a n  a t t i t u d e  dy -  
n a m i c s  s i m u l a t o r  t o  v e r i f y  t h e  c o r r e c t n e s s  of a s p a c e c r a f t ' s  
a t t i t u d e  c o n t r o l  l aws .  Such  a s y s t e m  m u s t  s i m u l a t e  t h e  
s p a c e c r a t t  c o n t r o l  s y s t e m ,  model t h e  s p a c e c r a f t ' s  r e s p o n s e  
t o  c o n t r o l  a n d  p r o v i d e  s i m u l a t e d  i n p u t  t o  t h e  c o n t r o l  s y s t e m .  
F i q u r e s  5 -1  and 5 -2  a r e  t h e  two h i g h e s t  l e v e l  a a t a  f l o w  d i a -  
g r a m s  u s e d  i n  t h i s  example .  
5.1 IDLNTIFYING CENTRAL Eh'l'I'l'IES A N D  VIRTUAL INlEKFACES 
A " c e n t r a l  e n t i t y "  i n  a b s t r a c t i o n  a n a l y s i s  i s  n e a r l y  i a e n t i -  
c a l  t o  a c e n t r a l  t r a n s f o r m  i n  s t r u c t u r e d  d e s i g n .  I n  s t r u c -  
t u r e d  d e s i q n  [Yourdon 791 i n p u t  a n d  o u t p u t  d a t a  f l o w s  a r e  
examined  and  f o l l o w e d  i n w a r d s  u n t i l  t h e y  reach t h e  h i q h e s t  
l e v e l  o f  a b s t r a c t i o n .  The p r o c e s s e s  b e t w e e n  t h e  i n p u t s  a n a  
t h e  o u t p u t s  fo rm t h e  c e n t r a l  t r a n s f o r m .  I n  a b s t r a c t i o n  
a n a l y s i s  a d e s i g n e r  does t h e  sar ie ,  b u t  a l s o  e x a m i n e s  t h e  
c e n t r a l  t r a n s f o r m  t o  d e t e r m i n e  which p r o c e s s e s  and  s t a t e s  
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r e p r e s e n t  t h e  b e s t  a b s t r a c t  model of w h a t  t h e  s y s t e m  does.  
For e x a m p l e ,  i t  is  c l e a r  from F i q u r e  5 -1  t h a t  SIMULATE GRO 
SPACECRAFT i s  t h e  c e n t r a l  t r a n s f o r m  f o r  GRODY. Examininq 
F i q u r e  5-2 w e  c a n  a rque  t h a t  SIMULATE SPACECRAFT CONTROL is  
t h e  c e n t r a l  e n t i t y ,  a s  t h e  p u r p o s e  o f  a d y n a m i c s  s i m u l a t o r  
is  t o  t e s t  t h e  c o n t r o l  laws. We c o u l d  c o n t i n u e  t o  d e s i q n  
u s i n q  e i t h e r  a s s u m p t i o n .  W e  c h o o s e  t o  m a k e  SIMULATE 
SPACECRAFT CONTROL t h e  c e n t r a l  e n t i t y .  
A f t e r  i d e n t i f y i n s  t h e  c e n t r a l  e n t i t y  w e  i d e n t i f y  what  ab-  
s t r a c t  e n t i t i e s  a r e  s u p p o r t i n q  it. T h e  i d e a  i s  t o  f o l l o w  
t h e  a f f e r e n t  and e f f e r e n t  da t a  f l o w s  away from t h e  c e n t r a l  
e n t i t y  a n d  t o  qroup r e l a t e d  processes and  s t a t e s  a l o n q  t h e s e  
d a t a  f l o w s ,  f o r m i n q  a b s t r a c t  e n t i t i e s .  
I n  c r e a t i n q  t h e  l e v e l  0 o b j e c t  d i a q r a m  € o r  GRODY w e  w i l l  
b u i l d  a recast  d a t a  f l o w  d i a q r a m  s t e p  by steg as  w e  i d e n t i f y  
a b s t r a c t  e n t i t i e s .  F i q u r e  5-3 shows t h e  process SIMULATE 
SPACECRAFT CONTROL and  t h e  a d j a c e n t  processes and d a t a  f l o w s .  
W e  l ook  a t  t h e  d a t a  f l o w s  i n  and  o u t  of t h e  c e n t r a l  e n t i t y  
and  i d e n t i f y  e n t i t i e s  s u D p o r t i n q  t h e s e  d a t a  f l o w s .  T h i s  i s  
d o n e  by q r o u p i n q  t h e s e  processes a n d  s t a t e s  i n t o  e n t i t i e s  
w i t h  h i q h  a b s t r a c t i o n .  W i t h  GRODY, each process and  s t a t e  
i n  F i q u r e  5-3 maps t o  a n  e n t i t y .  T h i s  i s  d u e  t o  t h e  speci- 
f i c a t i o n  b e i n a  h i q h l y  a b s t r a c t  a t  t h e  t o p  l e v e l ,  r a t h e r  t h a n  
t o  a n y  r u l e  mappinq d a t a  f l o w  d i a q r a m  processes d i r e c t l y  
i n t o  e n t i t i e s .  Later  e x a m p l e s  show how r e l a t e d  processes  
a r e  g r o u p e d  i n t o  a s i n q l e  e n t i t y .  Groupinq  r e l a t e d  proc- 
esses may r e q u i r e  examin inq  lower l e v e l  d a t a  f l o w  d i a q r a m s ,  
a l t h o u q h  i n  t h i s  case i t  does n o t .  
T o  e n s u r e  t h a t  w e  s t a r t  w i t h  a s t r o n q  s e n i o r i t y  h i e r a r c h y  w e  
u s e  t h e  c o n c e p t  of v i r t u a l  machine l a y e r s  d i s c u s s e d  i n  Sec- 
t i o n  4 . 2 .  W e  s t a r t  by assuminq t h e  e x i s t e n c e  o f  a "most- 
s e n i o r "  o b j e c t  t h a t  c a l l s  o n  a v i r t u a l  mach ine  c o n s i s t i n q  of 
t h e  c e n t r a l  e n t i t y  and  t h e  e n t i t i e s  t h a t  d i r e c t l y  s u p p o r t  
t h e  c e n t r a l  e n t i t y .  F i q u r e  5 - 4  is  a n  e n t i t y  qraph  f o r  
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GRODY t h a t  c o n t a i n s  o n l y  t h e  h i q h e s t  v i r t u a l  mach ine  l e v e l .  
S q u a r e s  r e p r e s e n t  e n t i t i e s ,  w i t h  t h e  i d e n t i f y i n g  numbers  of 
processes o r  s t a t e s  f rom t h e  d a t a  f l o w  diaqram w r i t t e n  i n  
t h e  s q u a r e s  t o  show t h e  mappinq be tween  r e q u i r e m e n t s  and  
e n t i t i e s .  Arrows show t h e  f l o w  of c o n t r o l  be tween GRODY and 
t h e  v i r t u a l  mach ine  e n t i t i e s ,  and l i n e s  w i t h  n o  i n d i c a t i o n  
of d i r e c t i o n  r e p r e s e n t  p o t e n t i a l  c o m m u n i c a t i o n s  be tween  
e n t i t i e s .  
F i q u r e  5 - 3 .  S u p p o r t  o f  C e n t r a l  E n t i t y  
F i q u r e  5-4.  F i r s t  L e v e l  of E n t i t i e s  
5 -  6 
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I 
I 
I 
I 
A t  t h i s  p o i n t  t h e  o n l y  c o n t r o l  f l o w  w e  wan t  t o  see is  t h e  
"most s e n i o r ' '  ob j ec t  c o n t r o l l i n q  t h e  f i r s t  q r o u p  o f  e n t i t i e s  
i d e n t i f i e d .  We a d d  o t h e r  c o n t r o l  f l o w s  l a t e r ,  f i r s t  i n  
r e s p o n s e  t o  s y s t e m  r e q u i r e m e n t s  n o t  c a p t u r e d  o n  d a t a  f l o w  
diaqrams,  and s e c o n d l y  t o  op t imize  o u r  v i r t u a l  m a c h i n e  h i e r -  
~ 
I 
I a r c h y .  W e  h a v e  n o t  made a n y  d e t e r m i n a t i o n  a b o u t  how d a t a  
I 
I 
a re  p a s s e d  be tween  t h e  e n t i t i e s .  The o p t i o n s  a re  t o  pas s  
d a t a  d i r e c t l y  b e t w e e n  e n t i t i e s  o r  t o  pass  i t  t h r o u q h  t h e  
m o s t - s e n i o r  e n t i t y .  
i 
I 
I The n e x t  qroup of e n t i t i e s  i s  a q a i n  i d e n t i f i e d  by e x a m i n i n q  
I 
d a t a  f l o w s ,  p r o c e s s e s  and  s t a t e s ;  t h i s  t i m e  t h e  o n e s  t h a t  
a r e  o n e  s tep f u r t h e r  r e n o v e d  from t h e  c e n t r a l  e n t i t y .  F o r  
e x a m p l e ,  F i q u r e  5-2 shows t h a t  t h e  processes MODEL SENSORS 
and  MODEL ACTUATORS a r e  b o t h  s u p p o r t e d  by 1.1 MODEL DYNAMICS 
& ENVIRONMENT a n d  t h e  da t a  s t o r e  D O 2  SIMULATION PARAMETER 
STORE, a n d  by DO3 SIMULATION DATASTORE. MODEL SENSORS i s  
a l s o  s u p p o r t e d  by t h e  e x t e r n a l  e n t i t y  STAR CATALOG. S i m i -  
l a r l y ,  F i q u r e  5-1-shows t h a t  UPDATE GROUND DATABASE i s  s u p -  
p o r t e d  by t h e  user ,  a n d  t h a t  t h e  S I Y U L A T I O N  DATASTORE i s  
s u p p o r t e d  by PREPARE SIMULATION RESULTS which  i s  s u p p o r t e d  
by t h e  u s e r .  W e  t h e n  draw a d a t a  f l o w  diaqram ( F i q u r e  5-51  
r e f l e c t i n q  t h e s e  r e l a t i o n s h i p s .  To m a k e  i d e n t i f y i n s  o b j e c t s  
e a s i e r ,  w e  l e a v e  t h e  names  of  p r o c e s s e s  a n d  d a t a  s t o r e s  on 
t h e  diaqram, b u t  u s e  s h o r t h a n d  l a b e l s  €o r  d a t a  f l o w s  when 
needed .  I n  F i q u r e  5-5 w e  h a v e  used  s h o r t h a n d  l a b e l s  i n  
a r eas  where  t h e  i n t e r a c t i o n s  a r e  more complex .  
I d e n t i f y i n q  e n t i t i e s  i s  a l m o s t  a s  s t r a i q h t f o w a r d  € o r  t h i s  
p a r t  of GRODY a s  it was €o r  t h e  f i r s t  se t  of e n t i t i e s .  The 
u s e r  is a l r eady  a n  e x t e r n a l  e n t i t y .  PREPARE S I M U L A T I O N  
RESULTS and MODEL DYNAMICS & ENVIRONMENT a l s o  map d i r e c t l y  
i n t o  e n t i t i e s .  By e x a m i n i n q  t h e  d a t a  f l o w s  cominq from t h e  
d a t a s t o r e  S I M U L A T I O N  PARAMETER STORE w e  c a n  d e t e r m i n e  t h a t  
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Dataflow labels 
A :  
8: 
C: 
D:  
E: 
F: 
6: 
H: 
I :  
J :  
K:  
Sensor Reference Data Att i tude Angular v e l o c i t y  
Center o f  mass Georagnetic F i e l d  i n  BCS 
wheel Angular norenta Array e Antenna Angles 
Sensor Commands 
Haramare s t a t u s  
Actuator commands 
wheel Speeds * Torquer Dipole 
6round Database Options 
ground Database Report 
R e s u l t s  Process ing  opt ions  
Simulation R e s u l t s  
F i g u r e  5-.5. D F D  W i t h  Added Processes 
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t h i s  d a t a  s t o r e  can  be s e p a r a t e d  i n t o  p a r t s  s u p p o r t i n q  p r o c -  
esses 1.1, 1 . 2 ,  and  1.3.  Thus  t h e  i n i t i a l  c o n d i t i o n s  f o r  
t h e s e  t h r e e  p r o c e s s e s  a r e  a s s o c i a t e d  w i t h  t h e  a p p r o p r i a t e  
e n t i t y ,  r a ther  t h a n  h a v i n q  a s e p a r a t e  e n t i t y  a c t i n q  a s  a 
I 
I q l o h a l  d a t a  area.  F i q u r e  5-6  
t h e  newly  i d e n t i f i e d  e n t i t i e s  
I 
shows t h e  e n t i t y  a raph  w i t h  
added.  
F i a u r e  5-6. Nex t  L e v e l  o f  E n t i t i e s  
T h i s  process c o n t i n u e s  u n t i l  t h e  e n d s  of t h e  a f f e r e n t  and  
e f f e r e n t  d a t a  f l o w s  a re  reached. F i q u r e  5-7 i s  a recas t  
d a t a  f l o w  diaqram f o r  GRODY. T h i s  d i a q r a m  is a r e l e v e l i n s  
o f  t h e  o r i q i n a l  d a t a  f l o w  d i a q r a m s  t o  r e f l e c t  s u p p o r t  of t h e  
c e n t r a l  e n t i t y .  As b e f o r e ,  w e  have  used  t h e  s h o r t h a n d  
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. 
l a b e l s  f o r  t h e  d a t a  flows. 
i n  i d e n t i f y i n g  o b j e c t s .  
T h i s  diagram w i l l  l a t e r  be used 
n 
Dataflow Labels 
A :  
8: 
C: 
0: 
E: 
F: 
6: 
H: 
I :  
J: 
K: 
I.: 
H: 
Sensor Reference Oata Atti tude Angular Velocity 
Center o f  nass Geoaagnetlc Fleld I n  BCS 
Wheel Angular Homenta Array d Antenna Angles 
Sensor Commands 
Hardrare Status  
Actuator conmanas 
Wheel Speeds + Torquer Oipolc 
Ground Oatabase Options 
Ground Oatabase Report 
Paraaeter oataoase options 
Parameter Oatabase Report 
Results Processing Options 
Simulation Results 
F i g u r e  5-7.  Recast GHODY D a t a  F low Diaqram 
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F i g u r e  5-8 i s  a n  i n i t i a l  e n t i t y  g r a p h  f o r  GRODY. I n  F i g -  
u r e  5-8 w e  show t h e  R U N  o p e r a t i o n  f l o w i n g  f rom t h e  user  t o  
t h e  most s e n i o r  e n t i t y  GRODY. T h i s  s i g n a l  w o u l d  come f rom 
o u t s i d e  t h e  e n t i t y  g r a p h  if GRODY were s t a r t e d  by t h e  o p e r a -  
t o r  o r  by  t h e  s y s t e m  when i t  is powered up .  The  RUN s i g n a l  
a n d  t h e  c o n t r o l  f l o w i n g  from GRODY a re  t h e  o n l y  e d q e s  on  t h e  
e n t i t y  g r a p h  t h a t  now have  d i r e c t i o n .  Ass ignmen t  o f  d i r e c -  
t i o n  t o  t h e  o t h e r  e d g e s  is  d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n .  
/tj 
F i g u r e  5-8. GRODY E n t i t y  Graph 
5 - 1 1  
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What we have shown so far is for illustration. An actual 
design would be derived in fewer steps. A complete recast 
data flow diagram could be drawn after the central entity is 
identified, and then the initial entity graph can be drawn 
using the "inside out'' method described above. In the ex- 
ample shown this far, the initial entity graph will be ex- 
tensively modified before the final objects are found. When 
a recast data flow diagram is drawn before identifying enti- 
ties the relationships between processes and states are 
easier to see. This should make the entities identified 
closely related to the final objects. In some cases it is 
possible to identify objects directly from a recast data 
flow diagram. 
5.2 - IDENTIFYING OBJECTS 
Tne first step in identifying objects from an entity qraph 
is to add directions of control where the problem determines 
the control flow. Figure 5-9  is the GRODY entity graph with 
these modifications. The database entities and external 
entities are "passive," so they all have control flowinq 
into them. The idea of the USER being "controlled" runs 
against the intuitive idea of a user controlling software, 
but in the sense of control flow what happens is that a 
software system will call an operation such as TLXT IO.GE'l' 
to - find out what the user wants to do. 
SIMULATE SPACECRAFT CONTROL is required to qive simulated 
control commands. This implies that MODEL SENSORS and MODEL 
AC'I'UATORS are junior to SIMULATE SPACECRAFT CONTROL. UPDATb 
PARAMETER DATABASE is made senior to 1.1, 1.2 ,  and 1 . 3  so 
that the user can control the state of these entities. We 
have not added the corresponding control flow between UPDATE 
GROUND DATABASE and 1.4 SPACECRAFT CONTROL because we have 
not determined whether ground commands will be requested by 
1.4 or whether they will be provided from outside. ho 
5 - 1 2  
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~ i r e c t i o n  o f  c o n t r o l  i s  i d e n t i f i e d  b e t w e e n  MOUEL SENSORS, 
MODEL ACTUATORS, a n d  MODEL DYNAMICS & ENVIRONMENT. h o t h i n a  
i n  t h e  p r o b l e m  domain  d e t e r m i n e s  d i r e c t i o n  of c o n t r o l  among 
t h e s e  t h r e e  e n t i t i e s .  W e  w i l l  be a b l e  t o  c h o o s e  t h e s e  d i -  
r e c t i o n s  of  c o n t r o l  l a t e r  b a s e d  on  v i r t u a l  m a c h i n e  h i e r a r c h y  
c o n s i d e r a t i o n s .  
F i g u r e  5-5. 
The n e x t  s t e p  is  t o  
E n t i t y  Graph b i t h  C o n t r o l  F lows  
i d e n t i f y  o b j e c t s  and t o  p l a c e  them i n  a 
s t r o n g  s e n i o r i t y  h i e r a r c h y .  W e  want t o  b a l a n c e  t h e  l e v e l  o t  
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a b s t r a c t i o n  of e a c h  ob jec t ,  t h e  d e s i r e  f o r  a qood s e n i o r i t y  
h i e r a r c h y ,  and  t h e  c o m p l e x i - y  of r e l a t i o n s h i p s  be tween  ob- 
jects.  
I n  o u r  GRODY example ,  w e  c a n  s ee  from F i q u r e  5-9 t h a t  2 . 0 ,  
3 . 0 ,  a n d  4.0 a r e  a l l  s e n i o r  t o  t h e  u se r ,  and  t h a t  USER,  
GRODY, a n d  3.0 form a c y c l i c  q r a p h .  T h i s  means t h a t  t hese  
f i v e  e n t i t i e s  a r e  a l l  o n  t h e  same v i r t u a l  mach ine  l e v e l .  
E n t i t i e s  2.0,  3.0,  and  4 .0  a l l  c o n t r o l  d a t a b a s e s ,  w i t h  t h e  
f i r s t  t w o  h a v i n q  so l e  c o n t r o l  of t h e  PARAMETER DATABASE a n d  
GROUND DATABASE, r e s p e c t i v e l y .  S i n c e  t h e y  a l l  i n t e r a c t  w i t h  
t h e  u s e r ,  w e  c rea te  a U S E R  INTERFACE by combin ing  2 . 0 ,  3 . 0 ,  
4 . 0 ,  D o l ,  and  D04. Comhininq t h e  u s e r  and  d a t a b a s e  i n t e r a c -  
t i o n s  i n t o  a s i n q l e  o b j e c t  p r o v i d e s  qood e n t i t y  a b s t r a c t i o n .  
W e  w i l l  see l a t e r  t h a t  D O 3  i s  no t  c o n t a i n e d  i n  [JSER INTERFACE 
d u e  t o  v i r t u a l  mach ine  h i e r a r c h y  c o n s i d e r a t i o n s .  The p r o c -  
esses a n d  d a t a s t o r e s  i n  U S E R  INTERFACE a r e  c i r c l e d  o n  t h e  
recast  d a t a  f l o w  diaqram (see F i q u r e  5-10) 
W e  chose  t h e  process  1 . 4  SIMULATE SPACECRAFT CONTROL a s  t h e  
c e n t r a l  e n t i t y  b e c a u s e  it con ta ins  t h e  c o n t r o l  l a w s  h e i n s  
tes ted by t h e  s i m u l a t o r .  T h i s  same c o n s i d e r a t i o n  d i c t a t e s  
t h e  u s e  o f  a separa te  SPACECRAFT CONTROL objec t .  P r o c e s s  
bubble  1.4 on  t h e  recas t  d a t a  f low d i a q r a m  is c i rc led  t o  
r e f l e c t  t h i s  d e c i s i o n  (see F i q u r e  5-10 a q a i n ) .  W e  s t i l l  
h a v e  n o t  c h o s e n  w h e t h e r  USER IWTERFACE o r  SPACECRAFT CONTROL 
w i l l  b e  a s e n i o r  o b j e c t ,  n o r  do  w e  wan t  t o  u n t i l  a l l  t h e  
o b j e c t s  a r e  i d e n t i f i e d .  
E n t i t i e s  1.1, 1 . 2  and  1 . 3  pose a s l i q h t l y  more d i f f i c u l t  
problem. One a l t e r n a t i v e  i s  t o  combine  1 . 2  MODEL SENSORS 
and  1 . 3  MODEL ACTUATORS i n t o  a n  ATTITUDE HARDWARE o b j e c t .  
W e  c a n  t h e n  m a k e  1.1 a j u n i o r  o b j e c t  s o  t h a t  1.4 c o n t r o l s  
ATTITUDE HARDWARE which  i n  t u r n  c o n t r o l s  1.1 MODEL D Y N A M I C S  
& ENVIRONMENT. T h i s  h i e r a r c h y  is  o n e  way of p r o d u c i n q  l a y e r s  
of v i r t u a l  mach ines .  A n o t h e r  a l t e r n a t i v e  i s  t o  combine  1.1, 
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1 . 2  a n d  1 . 3  i n t o  a s i n g l e  o b j e c t .  We w i l l  c a l l  t h i s  o b j e c t  
TRUTH MODEL because i t  p r o v i d e s  ' ' t r u e "  r e s p o n s e s  t o  c o n t r o l  
commands. I n  t h i s  case d e c i d i n g  t h e  flow oL c o n t r o l  be tween  
e n t i t i e s  1.1, 1 . 2  a n d  1 . 3  is  d e f e r e d  u n t i l  t h e  c h i l d  o b j e c t  
d i a g r a m  f o r  TRUTH MODEL i s  g e n e r a t e d .  T h e  f i r s t  a l t e r n a t i v e  
y i e l d s  o b j e c t s  w i t h  h i g h e r  a b s t r a c t i o n ,  b u t  t h e  s e c o n d  w i l l  
g i v e  a s impler  d e s i g n .  T h e  TRUTH MODEL o b j e c t  h a s  abs t r ac -  
t i o n  somewhere be tween  e n t i t y  (model  t r u e  s p a c e c r a f t  re-  
s p o n s e )  a n d  a c t i o n  (mode l  t h e  r e l a t e d  a c t i o n s  of  s e n s o r s ,  
a c t u a t o r s ,  d y n a m i c s  and  e n v i r o n m e n t )  a b s t r a c t i o n .  T h u s  we 
c h o o s e  the  s e c o n d  a l t e r n a t i v e  as  "abs t r ac t  enough"  a n d  a s  
p a r t  o f  a good v i r t u a l  machine  h i e r a r c h y .  A g a i n ,  t h e  p r o c -  
esses a n d  d a t a s t o r e s  c o n t a i n e d  by t h e  o b j e c t  a r e  c i r c l e d  on  
t h e  r ecas t  d a t a  f l o w  d i a g r a m  ( F i g u r e  5 - 1 0 ) .  
F i g u r e  5 -10 .  Recast GROUY D P D  W i t h  O b j e c t  B o u n d a r i e s  Shown 
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T h e  d a t a  s t o r e  DO3 SIMULATION DATASTORE h a s  n o t  y e t  b e e n  
assoc ia ted  w i t h  a n  ob jec t .  I t  c o u l d  be p l a c e d  w i t h i n  t h e  
USER INTERFACE, b u t  t h a t  would r e s u l t  i n  U S E R  IATERFACE b o t h  
c a l l i n g  TRUTH MODEL t o  i n i t i a l i z e  s i m u l a t i o n  parameters a n d  
b e i n g  c a l l e d  by TRUTH MODEL t o  s to re  r e s u l t s  d a t a .  T h i s  i s  
n o t  n e c e s s a r i l y  bad, b u t  w e  would l i k e  t o  a v o i d  t h i s  s i t u a -  
t i o n  i f  i t  is p o s s i b l e  t o  do s o .  To preserve o u r  v i r t u a l  
mach ine  h i e r a r c h y  w e  d e f i n e  a SIMULATION RESULTS DATABASE 
t h a t  i s  j u n i o r  t o  e v e r y b o d y .  W e  h a v e  l o s t  some of t h e  ab- 
s t r a c t i o n  by s p l i t t i n g  t h i s  ob jec t  f r o m  USER INTERFACE, b u t  
b o t h  o b j e c t s  a r e  s t i l l  good a b s t r a c t i o n s ,  a n d  w e  h a v e  g a i n e d  
a b e t t e r  c o n t r o l  h i e r a r c h y .  F i g u r e  5-10  is now c o m p l e t e d  by 
c i r c l i n g  t h e  DO3 S I M U L A T I O N  DATASTORE. 
F i g u r e  5-11  i s  t h e  o b j e c t  d i a g r a m  r e s u l t i n g  from t h e ' a b o v e  
a n a l y s i s .  W e  h a v e  c h o s e n  t o  m a k e  t h e  U S E R  ILTERFACE s e n i o r  
t o  SPACECRAFT CONTROL, b u t  t h e  a r r o w  be tween  these  t w o  ob- 
jects  c o u l d  be r e v e r s e d  a n d  w e  would s t i l l  h a v e  a v i r t u a l  
mach ine  h i e r a r c h y .  The d e c i s i o n  t o  m a k e  USER INTERFACE t h e  
s e n i o r  ob jec t  was based o n  t h e  neea  t o  h a v e  t h e  u s e r  c o n t r o l  
a s i m u l a t i o n .  The USER INTERFACE ob jec t  " c o n t r o l s "  t h e  u s e r  
b y  c a l l i n g  a read o p e r a t i o n  t o  g e t  d a t a  o r  u s e r  o p t i o n s ,  a n d  
t h e n  c a l l s  o n  t h e  o the r  s i m u l a t o r  componen t s  t o  p e r f o r m  t h e  
o p e r a t i o n  r e q u e s t e d .  The i m p o r t a n t  c o n c e p t  he re  i s  t h a t  t h e  
d e c i s i o n  was n o t  made o n  t h e  bas i s  of t h e  d e s i g n  r u l e s  d i s -  
c u s s e d  a b o v e ,  b u t  r a t h e r  o n  w h a t  would be a more d e s i r a b l e  
way t o  meet t h e  s p e c i f i c a t i o n .  
F i g u r e  5-11  s h o w s  a c l ea r  s e n i o r i t y  h i e r a r c h y ,  b u t  d e c i s i o n s  
s t i l l  n e e d  t o  be made a b o u t  how s t r o n g  t h i s  h i e r a r c h y  w i l l  
be.  Any c h a n g e s  c a n  be made t o  F i g u r e  5-11  t h a t  l e a v e  p a t h s  
a v a i l a b l e  f o r  d a t a  t o  f l o w  f rom a source  t o  i t s  c o r r e c t  d e s -  
t i n a t i o n .  Cue c a n  e l i m i n a t e  t h e  c o m m u n i c a t i o n s  among USER 
INTERFACE, SIMULATE SPACECRAr'T CONTROL a n d  TRUTH MODEL t o  
g e t  t h e  d e s i g n  shown i n  F i g u r e  5 - 1 2 ,  w h i c h  i s  l o o s e l y  c o u p l e d  
and  h i g h l y  s t r u c t u r e d  a t  i t s  s e n i o r  l e v e l .  A l t e r n a t i v e l y ,  
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F i g u r e  5-11. I n i t i a l  O b j e c t  Diagram 
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F i g u r e  5-12. More Centralized GRODY D e s i g n  
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i 
we can combine GRODY and USER INTERFACE to qive a design 
with more decentralized control, as  in Figure 5-13. A third 
choice is to keep GRODY as an entity that performs scheduling 
but that does not exchange data with junior virtual machine 
levels. Then Figure 5-11 would stand as the final object 
diagram. We choose the decentralized configuration of Fig- 
ure 5-13 because we want to eliminate the bottlenecks that 
can be caused by a complex central control entity. The sen- 
iority hierarchy is still strong, but all data "fly non-stop" 
from their source to the aestination. 
Slnulat Ian 
Results 
Figure 5-13. Less Centralized GRODY Design 
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T h e  e n t i t i e s  o n  t h e  i n i t i a l  o b j e c t  d i a g r a m  a r e  now e i t h e r  
ob jec t s  or  e x t e r n a l  e n t i t i e s ,  and w e  have  f u l l y  c o n s i d e r e d  
f l o w  o f  c o n t r o l  issues.  B e t o r e  w e  c a n  go o n  a n a  i d e n t i f y  
o p e r a t i o n s  and  complete t h e  o b j e c t  d i a g r a m  w e  m u s t  c o n s i d e r  
o b j e c t s  t h a t  a r e  r e q u i r e d  b u t  n o t  v i s i b l e  f rom t h e  a n a l y s i s  
of a d a t a  f l o w  diaqram. For GRODY t h e  o n l y  m a j o r  r equ i r e -  
men t  w e  h a v e  n o t  h a n d l e d  i s  s c h e d u l i n g  a n d  k e e p i n g  t r a c k  of 
s i m u l a t e d  t i m e .  Two a l t e r n a t i v e s  a r e  t o  d e s i q n  from F i q -  
u r e  5-13 a n d  t o  h a v e  t h e  "most s e n i o r ' '  o b j e c t  GRODY h a n d l e  
t h e  s c h e d u l i n g  and  t h e  t i m i n g ;  or t o  c r ea t e  a t imer o b j e c t  
j u n i o r  t o  SPACECRAFT CONTROL which w i l l  update  t h e  s imula t ed  
t i m e .  I n  t h e  s e c o n d  case t h e  s c h e d u l i n g  i s  i m y ? l i c i t  i n  t h e  
r e s p o n s e  o f  j u n i o r  o b j e c t s  t o  r e q u e s t s  and  commands from 
SPACECRAFT CONTROL. F i g u r e  5-14 is t h e  o b j e c t  d i a g r a m  g e n -  
e r a t ed  b y  u s i n g  t h i s  o p t i o n .  W e  choose t h e  s e c o n a  o p t i o n  a s  
a more d e c e n t r a l i z e d  d e s i g n .  
5 .3  DESIGN U S I N G  ABSTRACTION ANALYSIS 
C o n s i d e r i n g  r e q u i r e d  ob jec ts  c o m p l e t e s  t h e  process  of o b j e c t  
i d e n t i f i c a t i o n .  The n e x t  s t e p  is  t o  f o r m a l l y  map t h e  s p e c i -  
f i c a t i o n s  t o  o b j e c t s  and  t h e n  t o  i d e n t i f y  o p e r a t i o n s .  
E x p e r i e n c e d  d e s i g n e r s  c a n  a c t u a l l y  s h o r t e n  t h e  o b j e c t  i d e n -  
t i f i c a t i o n  process  f r o m  w h a t  i s  shown a b o v e  by s k i p p i n g  t h e  
e x p l i c i t  u s e  o f  e n t i t y  g r a p h s .  The s t e p s  t h a t  a r e  t h e n  
t a k e n  a r e  a s  f o l l o w s :  
1. I d e n t i f y  c e n t r a l  e n t i t y .  
2 .  D r a w  a recast  da t a  f l o w  d i a g r a m .  
3 .  I d e n t i f y  o b j e c t s  and  draw b o u n d a r i e s  o n  recas t  D F D .  
4. Draw a n  o b j e c t  d i a g r a m  w i t h  a h i e r a r c h y  t h a t  b e s t  
b a l a n c e s  r e q u i r e m e n t s  f o r  l o o s e l y  coupled o b j e c t s  
a n d  f o r  t h e  e l i m i n a t i o n  of d a t a  a n d  c o n t r o l  b o t t l e -  
n e c k s .  
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F i g u r e  5 - 1 4 .  GRODY Objec t  Diagram 
I f  e n t i t y  g r a p h s  a r e  used  t h e y  a r e  d r a w n  a s  a n  i n t e r m e d i a t e  
s t a g e  b e t w e e n  s t e p s  2 a n d  3 .  
A f t e r  d r a w i n g  t h e  o b j e c t  d i a g r a m  t h e  d e s i g n  p r o c e s s  c o n s i s t s  
of t h e  f o l l o w i n g :  
1. G e n e r a t e  a n  o b j e c t  c o n t e n t s  t a b l e .  
2 .  I d e n t i f y  o p e r a t i o n s .  
3 .  L a b e l  c o n c u r r e n t  o b j e c t s  by a d d i n g  s i m u l t a n e o u s  
c o n t r o l .  
4 .  G e n e r a t e  d a t a  f l o w  d i a g r a m  f o r  each o b j e c t  o n  t h e  
o b j e c t  d i a g  r am. 
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To m a k e  t h i s  a r e c u r s i v e  p r o c e s s ,  t h e  p a r t  of t h e  recas t  
da ta  f l o w  d i a g r a m  d e s c r i b i n g  each o b j e c t  is used ,  a l o n g  w i t h  
t h e  assoc ia ted  lower l e v e l  d a t a  f l o w  d i a g r a m s ,  a s  a s t a r t i n g  
p o i n t  f o r  t h e  i d e n t i f i c a t i o n  of c h i l d  ob jec ts .  The o b j e c t ' s  
o p e r a t i o n s  p r o v i d e  c e n t r a l  e n t i t i e s  wh ich  t h e  d e s i g n e r  uses  
a s  a s t a r t i n g  p o i n t  f o r  d r a w i n g  an  e n t i t y  g r a p h  f o r  t h e  ob- 
ject .  T h i s  q r a p h  i s  t h e n  u s e d  t o  i d e n t i f y  c h i l d  o b j e c t s ,  
a n d  t h e n  t h e  fou r  s teps  a b o v e  a re  t a k e n  t o  c o m p l e t e  a c h i l d  
o b j e c t  d i a g r a m .  Later w e  w i l l  c o n s t r u c t  t h e  c h i l d  o b j e c t  
d i a g r a m  f o r  t h e  TRUTH MODEL o b j e c t  o n  t h e  GRODY l e v e l  0 ob- 
j ec t  d i a g r a m  ( F i g u r e  5 -14 ,  o b j e c t  3 . 0 ) .  T h e  s t e p s  l i s t e d  
a b o v e  a r e  d e s c r i b e d  i n  more d e t a i l  i n  t h e  f o l l o w i n g  s u b s e c -  
t i o n s .  
5 . 3 . 1  GENERATING OBJECT CONTENTS TABLES 
T h e  ob jec t  c o n t e n t s  t ab l e  l i s ts  t h e  o b j e c t s  o n  a diagram, 
t h e  processes  t h a t  each objec t  w i l l  i m p l e m e n t ,  t h e  s t a t e s  
h i d d e n  by e a c h  o b j e c t  o n  t h e  d i a g r a m ,  a n d  s y s t e m  c o n s i d e r a -  
t i o n s  t h a t  a r e  n o t  captured b y  t h e  d a t a  f l o w  d i a g r a m s .  
F i g u r e  5-15 shows t h e  o b j e c t  c o n t e n t s  t a b l e  f o r  t h e  GRODY 
l e v e l  0 o b j e c t  d i a g r a m .  T h e  p r o c e s s e s  a r e  l i s t e d  t o  t h e  
l e v e l  of d e t a i l  needed  t o  show t h e  b o u n d a r i e s  b e t w e e n  05- 
j ec t s .  The  s t a t e s  a n d  s y s t e m  c o n s i d e r a t i o n s  a r e  a l s o  shown 
a t  a n  a p p r o p r i a t e  l e v e l .  I n  F i g u r e  5 - 1 4  t h e  TRUTH MODEL 
o b j e c t  c o n t a i n s  p r o c e s s e s  1.1, 1 . 2 ,  a n d  1 . 3  a n d  SIMULATE 
SPACECRAFT CONTROL c o n t a i n s  1.4. Thus  w e  h a v e  t o  b r e a k  up  
p r o c e s s  1 . 0  when w e  wr i t e  t h e  ob jec t  c o n t e n t s  t a b l e .  I n  
F i g u r e  5-15 t h e  s t a t e s  h i d d e n  a r e  a l l  d a t a  s t o r e s ,  b u t  t h e y  
c a n  a l s o  b e  d a t a  e l e m e n t s  o r  d a t a  r e c o r d s  t h a t  a r e  a s u b s e t  
o f  a d a t a  s t o r e .  I t  is  n e c e s s a r y  t o  show a h i d d e n  s t a t e  o n  
t h e  o b j e c t  c o n t e n t s  t a b l e  o n l y  when i t  i s  v i s i b l e  o n  a d a t a  
f l o w  d i a g r a m  showing t h e  i n t e r i o r  of  a n  o b j e c t .  Fo r  e x a m p l e ,  
t h e  o b j e c t  SPACECRAFT CONTROL c e r t a i n l y  h a s  i n t e r n a l  s t a t e ,  
b u t  t h i s  s t a t e  is  n o t  v i s i b l e  a t  t h i s  l e v e l .  
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Processes; 
2.0 update Parameter Database 
3.0 update Ground Database 
4.0 Prepare simulation Results 
D O 1  Parameter Database 
D O 4  Ground Database 
s t a t e s :  -
Processes: 
Sysem Considera t i o n a  
1.4 spacecraf t  control  
required as  ooject t o  tes t  control l a r s  
Truth n o d e l  
Proce= 
1.1 node1 Dynamics e Environment 
1.2 node1 Sensors 
1.3 node1 Actuators 
DO2 Simulation Parameter Store 
sm&?. 
sxaa 
003 Slaulatlon Datastore 
m 
SY- 
Simulator i s  required t o  keep a simulated time 
F i g u r e  5-15. O b j e c t  C o n t e n t s  T a b l e  f o r  GKODY 
5 .3 .2  USING THE RECAST DATA FLOW DIAGRAM WITH OBJECT 
BOUNDARIES 
F i g u r e  5-10 shows t h e  d i a g r a m  f o r  GRODY w i t h  t h e  o b j e c t  
b o u n d a r i e s  drawn o n  t o p .  I n  most cases o b j e c t  b o u n d a r i e s  
c a n  b e  drawn around p r o c e s s e s  and  d a t a  s t o r e s  on  t h e  r ecas t  
a a t a  f l o w  d i a g r a m .  I f  t h i s  i s  n o t  p o s s i b l e ,  t h e  c h i l d  d a t a  
f l o w  d i a q r a m s  o r  t h e  d a t a  d i c t i o n a r y  m u s t  be e x a m i n e d ,  a n d  
t h e  p a r e n t  p r o c e s s  o r  d a t a  s t o r e  m u s t  b e  a i v i d e d  among t h e  
a p p r o p r i a t e  o b j e c t s .  T h i s  k i n d  of a d j u s t m e n t  w i l l  b e  demon- 
s t r a t e d  i n  more d e t a i l  a s  w e  b r e a k  down t h e  TRUTH MODEL. 
5 . 3 . 3  IDENTIFYING 0PERATI.ONS 
I d e n t l f y i n q  o p e r a t i o n s  i s  a c o n t i n u a t i o n  of t h e  d i r e c t i o n -  
o f - c o n t r o l  a n a l y s i s  d o n e  f o r  t h e  e n t i t y  g r a p h .  We u s e  t h e  
d i r e c t i o n  of c o n t r o l  t h a t  h a s  been  e s t a b l i s h e d ,  t h e  d a t a  
5 - 2 3  
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flows a c r o s s  o b j e c t  boundaries,  and  t h e  processes  and s t a t e s  
( d a t a  s t o r e s )  connected by these  d a t a  flows. C h i l d  d a t a  
flow diaqrams and d a t a  d i c t iona ry  e n t r i e s  a r e  used  t o  g a i n  
more d e t a i l s  on t h e  processes  and d a t a  involved. 
For example, Fiqure 5-10 shows t h e  d a t a  exchanqed between 
SPACECRAFT CONTROL and TRUTH MODEL. These d a t a  a r e  qenerated 
by o p e r a t i o n s  modelinq sensor and a c t u a t o r  behavior. These 
o p e r a t i o n s  a r e  provided by TRUTH MODEL and used  by SPACECRAFT 
CONTROL. Fiqure 5-10 shows t h a t  1.2 MODEL SENSORS and 1.4 
SIMULATE SPACECRAFT CONTROL communicate u s i n q  t h e  d a t a  f lows 
"Sensor Data" and "Sensor Commands". Examinins the  c h i l d  
d a t a  flow diagram € o r  1 . 2  revea ls  t h e  exac t  sensors  used and 
t h e  r e l a t e d  da t a  and commands. Fxamininq d a t a  flow diaqram 
1 . 2  (F iqu re  5-16) shows t h e  d e t a i l s  of what sensor  processes  
e x i s t .  The ope ra t ions  break down i n t o  c a t e q o r i e s  o f  q e t t i n a  
sensor  d a t a  and ( i n  t h e  ca se  of qyros and FHST) processinq 
sensor  commands. S imi l a r ly  t h e  i n t e r f a c e  between 1 . 3  MODEL 
ACTUATORS and 1.4 SIMULATE SPACECRAFT CONTROL can be charac- 
t e r i z e d  by ope ra t ions  t h a t  command a c t u a t o r s .  TJsing these  
d a t a  flow i n t e r f a c e s  w e  can begin t o  c o n s t r u c t  ope ra t ion  
d e f i n i t i o n s  f o r  t h e  TRUTH MODEL ope ra t ions  u s e d  by SPACECRAFT 
CONTROL. The ope ra t ions  provided by t h e  o t h e r  o b j e c t s  a r e  
der ived  i n  t h e  same way a s  t h e  TRUTH MODEL opera t ions .  
These can  t h e n  be combined i n t o  complete o b j e c t  d e s c r i p t i o n s .  
F i su re  5-17 shows t h e  complete objec t  d e s c r i p t i o n  f o r  TRUTH 
MODEL. Note t h a t  w e  have a l s o  descr ibed t h e  purpose o f  t h e  
TRUTH MODEL i n  Fiqure 5-17 t o  f u r t h e r  document the  o b j e c t  
d e s c r i p t i o n ,  
A d j u s t m e n t s  can be made t o  ob jec t s  and ope ra t ions  even a t  
t h i s  l a t e  s taqe .  For example we see on Fiqure 5-10 t h a t  t h e  
d a t a  f lows  "Ground Conmands" and "Simulation Parameters" 
e n t e r  t h e  SIMULATION RESULTS DATABASE from t h e  U S E R  
INTERFACE. These d a t a  a r e  a l s o  returned t o  t h e  USER 
INTERFACE a s  p a r t  of "Simulation Resu l t s  Data." We can move 
5 - 2 4  
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TRUTH-MODEL 
Purpose: 
This object simulates the "trcie response" of the space- 
craft to attitude control commands. It processes actua- 
tor commands, generates simulated sensor output ana 
integrates the spacecraft attitude dynamics equations. 
It includes models of environmental perturbations and 
sensor measurement noise. 
Provides: 
RESET ( )  
I NIT I AL I Z E - PARAMETERS ( TRUTH -MODEL - PARAMETERS ) 
GET-GYRO-DATA ( )  GYRO-STATUS + GYRO-DATA 
GET-FSS-DATA ( )  FSS-STATUS + FSS-DATA 
GET-CSS-DATA ( )  CSS-DATA 
GET-FHST-DATA ( ) FHST-SlATUS + FHST-DATA 
GET-TACH-DATA ( ) TACH-DATA 
GgT-TAM-DATA ( )  TAM-DATA 
COMMAND-GYRO (GYRO-RATE-COMMAND) 
COMMAND-FHST (FHST-COMMAND) 
COMMAND-THRUSTERS (THRUSTER-COMMAND) 
C OMMAh D -REACT ION -WHEELS 
COMMAND-TORQUERS (TORQUER-COMMAND ) 
( WHEEL - COMPlAN D ) 
Uses: 
E2 SlAR-CATALOG 
GET-STAR- DATA 
E 3  EPHEMERIDES-FILE 
GET-EPHEMERIDES 
4.0 SIMULATION-PARAMETERS-DATABASE 
PUT-RESULTS-DATA 
5 . 0  SIMULATION-TIMER 
GET-TIME 
Fiqure 5-17. Truth Model Object Description 
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t h e  a p p r o p r i a t e  p a r t s  of t h e  d a t a  s t o r e  D O 3  SIMULATIOh 
DATASTORE i n t o  t h e  USER INTERFACE by updating the  o b j e c t  
c o n t e n t s  t a b l e .  The s t a t e s  OUTPUT SIMULATION PARAMETERS and 
OUTPUT GROUND COMMANDS a r e  add-ed t o  USER INTERFACE, and t h e  
c o n t e n t s  of SIMULATION RESULTS DATABASE a r e  updated t o  re -  
f l e c t  t h e  removal of t hese  d a t a .  T h e  d a t a  d i c t i o n a r y  is  
used t o  maintain cons is tency  i n  def in ing  s t a t e s  contained by 
an o b j e c t ,  i n  t he  same way t h a t  t h e  d i f f e r e n t  l e v e l s  of d a t a  
flow diagram a r e  used t o  d e f i n e  what processes  a r e  conta ined  
by an o b j e c t .  T h e  a c t u a l  change t o  d a t a  flow diagrams can 
be made when w e  s t a r t  decomposing our o b j e c t s .  Figure 5-16 
shows t h e  updated o b j e c t  conten ts  t a b l e .  - 
ProcesseZ; 
2.0 update Parameter Database 
3.0 update Ground Database 
4.0 prepare simulation ReSUltS 
DOI Parameter Database 
DO4 Ground oataoase 
output  Simulation parameters D U t p U t  Grouna commands 
Stafes: -
m c e s m :  
SvSte. consiaerat iont  
1.4  spacecraft  control 
required as object t o  t e s t  control laws 
Trutn nodpl  
1.1 nodel Dynamics & Environment 
1.2 noeel Sensors 
1.3 nodel Actuators 
DO2 Simulation Parameter Store 
Statet 
simulation ReSUltS D a t u  
w 
Sensor Data Telemetry Downlink * 
Dynamics Analysis Data Actuator Analysis Data 
u!EL 
System Co n s i d e r a w  
Simulator i s  required t o  keep a simulated time 
F igure  5-18. Updated Object Contents Table f o r  GRODY 
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. 
The l a s t  s t e p  i n  qenera t inq  an o b j e c t  diaqram i s  t o  produce 
s e p a r a t e  d a t a  flow diaqrams f o r  each o b j e c t .  These a r e  used 
when t h e  c h i l d  o b j e c t  diaqrams are  c rea t ed .  F iqures  5-19 
and 5-20 show t h e s e  diaqrams € o r  USER INTERFACE and TRUTH 
MODEL, r e spec t ive ly .  Note t h a t  these  diaqrams a re  not  
merely t h e  segments c i r c l e d  i n  Fiqure 5-10, but  t h a t  they 
r e f l e c t  t h e  up-to-date o b j e c t  conten ts ,  a s  shown i n  F i q -  
u r e  5-17. The o b j e c t  SPACECRAFT CONTROL c o n t a i n s  only 
p rocess  1 . 4  SIMULATE SPACECRAFT CONTROL, w h i c h  leaves  t h e  
c h i l d  d a t a  flow diaqram f o r  process 1.4 a s  t h e  s t a r t i n q  
po in t  f o r  o b j e c t  i d e n t i f i c a t i o n .  SIMULATION RESULTS DATABASE 
i s  a s t a t e  t h a t  has  no  c h i l d  ob jec t  diaqram, t h u s  no d a t a  
f l o w  diaqram i s  necessary f o r  t h i s  o b j e c t .  If an o b j e c t  
encapsu la t e s  a s t a t e ,  t h e  d a t a  d i c t i o n a r y  w i l l  q ive  t h e  de-  
t a i l s  needed  t o  complete t h e  desiqn. I f  t h e  d a t a  s t o r e  on a 
d a t a  f low diaqram r e p r e s e n t s  a more s o p h i s t i c a t e d  d a t a  
s t r u c t u r e  ( s u c h  a s  a queue) a c h i l d  o b j e c t  diaqram w i l l  have 
t o  be qenerated t o  show how t h e  da t a  s t r u c t u r e  i s  t o  be 
implemented and what ope ra t ions  can be performed. 
The TIMER o b j e c t  was qenerated from a non-funct ional  re-  
quirement. A s  i n  t h e  example o €  a d a t a  s t o r e  represent inq  a 
queue, w e  have t o  u s e  t h e  opera t ions  i d e n t i f i e d  t o  qene ra t e  
a c h i l d  o b j e c t  diaqram. TIMER i s  simple enouqh t o  qene ra t e  
a c h i l d  o b j e c t  diaqram d i r e c t l y  from t h e  knowledqe of what 
t h e  o p e r a t i o n s  a r e  supposed t o  do. For a more complex ob- 
j e c t  w e  would cons ider  qenerat inq a s p e c i f i c a t i o n  €o r  t h a t  
o b j e c t  u s i n q  d a t a  f l o w  diaqrams before a t temptinq a more 
d e t a i l e d  desiqn.  
5 . 3 . 4  GENERATING C H I L D  ORJECT DIAGRAMS 
The product ion of t h e  TRUTH YODEL o b j e c t  diaqram w i l l  show 
how an o b j e c t ' s  ope ra t ions  provide a s t a r t i n q  po in t  f o r  t h e  
next l e v e l  of desiqn.  Fiqure 5-20 shows t h e  processes  and 
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s t a t e s  c o n t a i n e d  by TRUTH MODEL. S i n c e  t h e  s e n s o r s  and  ac- 
t u a t o r s  ( 1 . 2  a n d  1 .3)  d i r e c t l y  support  t h e  o p e r a t i o n s  pro-  
v i d e d  t o  SPACECRAFT CONTROL by TRUTH MODEL t h e  f i r s t  s tep  i s  
t o  m a k e  these i n t o  e n t i t i e s  a n d  t o  m a k e  them t h e  most s e n i o r  
e n t i t i e s  w i t h i n  TRUTH MODEL. The Drocess 1.1 MODEL DYNAMICS 
AND ENVIRONMENT c l e a r l y  c o n t a i n s  a t  l e a s t  two e n t i t i e s ,  o n e  
t o  model t h e  d y n a m i c s  a n d  o n e  t o  model t h e  e n v i r o n m e n t .  
Thus  w e  e x a m i n e  t h e  c h i l d  da t a  f l o w  diaqram ( F i q u r e  5-21) t o  
see wha t  t h e  n e x t  l e v e l  provides  i n  t h e  way of e n t i t i e s .  
Process 1.1.2 COMPUTE ENVIRONMENTAL TORQUES i s  a p r o c e s s  
wh ich  models t h e  e f f e c t  of t h e ' s p a c e c r a f t  e n v i r o n m e n t  o n  
a t t i t u d e  d y n a m i c s ,  a n d  1.1.4 MODEL INTERNAL MOTION models 
t h e  e f f e c t  of movinq s p a c e c r a f t  p a r t s  o n  t h e  a t t i t u d e  dy-  
namics .  Thus  c o m b i n i n q  1.1.2, 1.1.3, a n d  1.1.4 i n t o  a s i n q l e  
ATTITUDE DYNAMICS e n t i t y  i s  a r e a s o n a b l e  a b s t r a c t i o n .  1.1.1 
COMPUTE EPHEM DEPENDENT PARAMETERS t h e n  becomes t h e  
SPACECRAFT ENVIRONMENT e n t i t y .  
To f i n i s h  t h e  e n t i t y  a r a p h  we o n l y  n e e d  t o  decide w h e t h e r  
t h e  d a t a  s to re  SIMULATION PARAMETER STORE s h o u l d  be d i v i d e d  
amonq t h e  a l r e a d y  i d e n t i f i e d  e n t i t i e s ,  o r  w h e t h e r  i t  s h o u l d  
become a n  e n t i t y  i t s e l f .  W e  c h o o s e  t h e  l a t t e r  and  draw a n  
e n t i t y  graph ( F i q u r e  5 - 2 2 ) .  T h i s  choice i s  o p p o s i t e  t o  what  
w e  d i d  f o r  DO2 SIMULATION PARAMETER STORE when w e  s e n e r a t e d  
t h e  l e v e l  0 e n t i t y  qraph. D e s i q n e r s  w i l l  m a k e  s u c h  c h a n q e s  
i n  t h e i r  a p p r o a c h  a s  more d e t a i l s  of t h e  problem become 
a p p a r e n t  . 
I n  F i q u r e  5 - 2 2 ,  c o n t r o l  f l o w  i s  shown f o r  t h e  e x t e r n a l  e n t i -  
t i e s  a n d  t h e  S I M U L A T I O N  PARAMETER STORE e n t i t y .  These  e n t i -  
t i e s  m u s t  show c o n t r o l  f l o w i n q  t o w a r d s  them s i n c e  t h e y  
c o n t a i n  d a t a  b u t  n o  p r o c e s s i n q .  I n  a d d i t i o n ,  t h e  p a r e n t  
o b j e c t  diasram shows t h a t  SENSORS a n d  ACTUATORS p r o v i d e  d a t a  
a s  t h e y  a r e  r e q u e s t e d  by t h e  SPACECRAFT CONTROL. Thus ,  t h e  
SENSORS and  ACTUATORS i n  t u r n  need t o  r e q u e s t  d a t a  t o  com- 
p l e t e  t h e  a c t i o n s  r e q u i r e d .  Aqain,  t h i s  i s  d e t e r m i n e d  n o t  
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by t h e  t o o o l o q y  of t h e  e n t i t y  q r a p h  b u t  by a n  o v e r a l l  d e s i q n  
s t r a t eqy .  T h i s  l e a v e s  o n l y  t h e  d i r e c t i o n  of c o n t r o l  b e t w e e n  
SENSORS and  ACTUATORS and  be tween ATTITUDE DYNAMICS a n d  
SPACECRAFT ENVIRONMENT t o  be d e t e r m i n e d .  I n  t h e  l a t t e r  case  
w e  m a k e  t h e  SPACECRAFT ENVIRONMENT a j u n i o r  ob jec t .  T h i s  i s  
b e c a u s e  t h e  d y n a m i c s  m o d e l i n q  i s  l i k e l y  t o  c h a n q e  from m i s -  
s i o n  t o  m i s s i o n ,  w h i l e  t h e  e n v i r o n m e n t  does n o t  c h a n q e .  
T h i s  w i l l  a l l ow SPACECRAFT ENVIRONMENT t o  be implemen ted  a s  
a l i b r a r y  u n i t  and  t o  be r e u s e d  f o r  s u b s e q u e n t  m i s s i o n s .  
The SENSORS and  ACTUATORS a r e  combined i n t o  a s i n q l e  ATTITUDE 
HARDWARE o b j e c t .  T h i s  i s  a sood a b s t r a c t i o n ,  and  i t  a l l o w s  
u s  t o  s i m p l i f y  t h e  TRUTH MODEL d e s i q n  a n d  t o  de fe r  c o n s i d e r -  
a t i o n  of t h e  s e n s o r / a c t u a t o r  i n t e r a c t i o n s  t o  t h e  next_ l e v e l  
of d e t a i l .  F i q u r e  5 - 2 3  is  t h e  TRUTH MODEL o b j e c t  diaqram. 
F i q u r e  5-22. T r u t h  Model E n t i t v  Graph 
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Figure 5 - 2 3 .  Truth Model Object Diagram 
The object contents table and operations dictionary entries 
are generated in exactly the same way as for the level 0 
object diagram. The only difference is in how to start 
identifying the objects from a data flow diagram. 
5 . 3 . 5  TASKING CONSIDERATIONS 
In Section 3 we showed concurrency on an object diagram by 
having a single operation (e.g., R U N )  flow into two or more 
objects. The same notation can be used on entity graphs. 
We thus have a means of representing concurrency on entity 
5 - 3 4  
0 2 5 2  
graphs, but at this point we have.not yet developed guiae- 
lines for concurrency within our methodology. Cherry's 
[Cherry 85a] criteria for determining when an entity is con- 
current can also be used within the abstraction analysis 
model. In short, we have not imposed any rigorous guidelines 
about determining when objects are concurrent, but have a 
notation that is flexible enough to represent concurrency 
throughout the transition between specification and design. 
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SECTION 6 - CONCLUSION 
Object diagrams, abstraction analysis and associated prin- 
ciples provide a unified framework which encompasses con- 
cepts from several other methodologies [Yourdon 79, Booch 8 3 ,  
Cherry 85bl. The use of object diagrams and abstraction 
analysis provides the following: 
e A general object-oriented approach which handles 
system design from the t o p  level, through object- 
oriented decomposition, down to a completely func- 
t ional level. 
e A method of tracing now a design meets the specifi- 
cat ion. 
e A design notation that maps into Ada, thus provid- 
ing a composite mapping from a specification to Ada 
softwarec 
e A design notation flexible enough to represent both 
traditional structured designs and non-hierarchical 
designs such as those produced using PAMELA. 
e Criteria for partitioning a software system into 
modules and for choosing direction of control. 
e Support for walkthroughs and iterative refinement 
of a design through the use of graphical notation 
for both the specification and the design. 
The concepts discussed in this report form an inteqral part 
of an object-oriented software development life cycle. We 
are currently studying how object-oriented concepts can be 
used in other phases of the life cycle, such as specification 
and testing. When complete, this synthesis should produce a 
truly general object-oriented development methodology. 
6 - 1  
0 2 5 2  
REFERENCES 
[ A g r e s t i  861 
. -  
[Booth 831 
[ C h e r r y  85al 
[ C h e r r y  85b l  
[DeMarco 781 
[ D i j k s t r a  681 
[ G o l d b e r g  831 
[ L e d g a r d  771 
[ L i s k o v  741 
[ N e l s o n  861 
[ P a r n a s  721 
W .  W .  A g r e s t i ,  V. E .  C h u r c h ,  D .  N .  C a r d  
a n d  P. L .  L o .  " D e s i q n i n g  w i t h  Ada f o r  
S a t e l l i t e  S i m u l a t i o n :  A Case S t u d y " ,  
P r o c .  o f  t h e  1st I n t l .  Conf .  o n  Ada A p -  
E l i c a t i o n s  f o r  t h e  S p a c e  S t a t i o n ,  J u n e  
1986.  
Grady Booch. S o f t w a r e  E n g i n e e r i n g  w i t h  
Ada, Menlo Pa rk :  Benjamin/Cummings,  1983 .  
George  W .  C h e r r y .  PAMELA: Process A b -  
s t r a c t i o n  Method f o r  Embedded Larae  A p -  
p l i c a t i o n s ,  C o u r s e  n o t e s ,  T h o u q h t * * T o o l s ,  
- 
J a n u a r y  1985 .  
George  W. C h e r r y  a n d  B a r d  S.  C r a w f o r d .  
The PAMELA ( t m )  Me thodo loqy ,  November 
1985.  
Tom DeMarco. S t r u c t u r e d  A n a l y s i s  a n d  
Sys t em S p e c i f i c a t i o n ,  P r e n t i c e - H a l l T N e w  
York, 1978 .  
E d s g a r  W .  D i j k s t r a .  "The S t r u c t u r e  o f  
t h e  'THE' Mul t iprogramming S y s t e m , "  Comm. 
o f  t h e  ACM, May 1 9 6 8 .  
Adele Go ldbe rq  and  David  Robson.  Smal l -  
t a l k  8 0 :  t h e  Languaqe  and  I t s  Implemen- 
t a t i o n ,  Adaison-Wesley ,  1983 .  
Henry F. Ledgard a n d  R o b e r t  W .  T a y l o r .  
"Two V i e w s  of Data A b s t r a c t i o n , "  Comm. o f  
t h e  ACM, J u n e  1977.  - 
B a r b a r a  H .  L i s k o v  a n d  S. N .  Z i l l e s .  
"Programming w i t h  A b s t r a c t  Data T y p e s , "  
Proc. of t h e  ACM Synip. 'on V e r y  High  L e v e l  
Languages ,  - S I G P L A N  Notices ,  A p r i l  1 9 7 4 .  
Robert  W .  Ne l son .  "NASA Ada E x p e r i m e n t - -  
A t t i t u d e  Dynamic S i m u l a t o r , "  P r o c .  of t h e  
Wash ing ton  Ada Symposium, March 1986 .  
David  L. P a r n a s .  "On t h e  C r i t e r i a  t o  b e  
U s e a  i n  Decomposing S y s t e m s  i n t o  M o d u l e s , "  
Comm. of t h e  ACM, December 1 9 7 2 .  
R - 1  
0252 
[Rajlich 851 
[Seidewitz 85al 
[Seidewitz 85b] 
[Seidewitz 861 
[Stark 861  
[Yourdon 79 
Vaclav Rajlich. "Paradigms for Design 
and Implementation in Ada," Cornm. of the 
ACM, July 1985. 
Ed Seidewitz. Object Diagrams, unpub- 
lished GSFC report, May 1985. 
Ed Seidewitz. Some Principles of Object- 
- Oriented Design, unpublished GSFC report, 
August 1985. 
Ed Seidewitz and Mike Stark. "Towards a 
General Object-Oriented Software Develop- 
ment Methodology," Proc. of the 1st Intl. 
Conf. on Ada Applications for the Space 
Station, 'June 1986. 
Mike Stark. Abstraction Analysis: From 
Structured Specification to Object- 
- Oriented Design, unpublished GSFC report, 
April 1986. 
Edward Yourdon and Larry L. Constantine. 
Structured Desiqn: Fundamentals of a 
Discipline of Computer Program and Sys- 
- tems Design, Prentice-Hall, 1979. 
R- 2 
0 2 5 2  
STAbDHRD BIdLIOGRAPHY OF SEL LITERATURE 
The tecnnical papers, memorandums, and documents listed in 
tnis bibliography are organized into two groups. The first 
group is composed of documents issued by the Software Enqi- 
neering Laboratory (SEL) during its research and development 
activities. The second qroup includes materials that were 
published elsewhere but pertain to SEL activities. 
SEL-ORIGINATED DOCUMENTS 
SEL-76-001, Proceedinqs From the First Summer Software Enqi- 
neerinq Workshop, August 1976 
SEL-77-001, The Software Engineerinq Laboratory, 
V. R. Basill, M. V. Zelkowitz, F. E. McGarry, et al., May 
1577 
SEL-77-002, Proceeainqs From the Second Summer Software E n -  
qineering Workshop, September 1977 
 
SEL-77-003, Structured FORTRAN Preprocessor (SFORT), B. Chu 
and D. S. Wiison, September 1577 
SLL-77-004, GSFC hAVPAK Design Specifications Languages 
Study, P. A. Scheffer and C. E. Velez, October 1977 
SEL-78-001, FORTRAN Static Source Code Analyzer (SAP) Design 
and Module Descriptions, E. M. O'Neill, S. R. haligora, ana 
C .  E. Goorevich, February 1978 
SEL-78-003, Evaluation of Draper NAVPAK Software Desiqn, 
K. Tasaki and F. E. McGarry, June 1978 
- 
SEL-78-004, Structured FORTRAN Preprocessor (SFORT) 
PDP-11/70 User's Guide, D. S. Wilson and B. Chu, September 
1978 
SSL-78-005, Proceedings From the Third Summer Software Engi- 
neering Workshop, September 1978 
SEL-78-006, GSFC Software Engineerinq Research Requirements 
Analysis Study, P. A. Scheffer and C. E. Velez, November 1978 
SEL-78-007, Applicability - of the Rayleish Curve to the SEL 
Environment, T. E. Mapp, December 1978 
B - 1  
0252 
SEL-78-302, FORTRAN Static Source Code Analyzer Program 
(SAP) User's Guide (Revision 3 ) ,  CJ. J. Decker and 
W. A. Taylor, July 1986 
- 
SEL-79-001, SIMPL-D Data Base Reference Manual, 
M. V. Zelkowitz, July 1979 
SEL-75-002, The Software Engineering Laboratory: Relation- 
ship Equations, K. Freburger and V. R. Basili, May 19i9 
SEL-79-003, Common Software Module Repository (CSMR) System 
Description and User's Guide, C. E. Goorevich, A. L. Green, 
and S. R. Waligora, August 1 9 7 9  
SEL-79-004, Evaluation of the Caine, Farber, and Gordon Pro- 
qram Design Language (PDL) in the Goddard Space Flight Cen- 
ter (GSFC) Code 580 Software Design Environment, 
C. E. Goorevich, A.  L. Green, and W. J. Decker, September 
1979 
SgL-79-005, Proceedinqs From the Fourth Summer Software En- 
gineering Workshop, November 1979 
SEL-80-001, Functional Requirements/Specifications for 
Code 580 Configuration Analysis Tool (CAT), F. K .  Banks, 
A. L. Green, and C. E. Goorevich, February 1980 
SgL-80-002, Multi-Level Expression Design Language- 
Requirement Level (MEDL-R) System Evaluation, W. J. Decker 
and C. E. Goorevich, May 1580 
SEL-b0-003, Multimission Modular Spacecraft Ground Support 
Software System (MMS/GSSS) State-of-the-Art Computer Systems/ 
Compatibility Study, T. Welden, M. McClellan, and 
P. Liebertz, May 1980 
SEL-80-005, A Study of the Musa Reliability Model, 
A. M. Miller, November 1980 
SEL-80-006, Proceedings From the Fifth Annual Software Enqi- 
neering Workshop, November 1980 
SEL-80-007, An Appraisal of Selected Cost/Resource Estima- 
tion Models for Software Systems, J. F. Cook and 
E'. E. McGarry, December 1980 
SEL-80-104, Configuration Analysis T o o l  (CAT) System De- 
- scription and User's Guide (Revision 11, W. Decker and 
W. Taylor, December 1982 
B-2 
0 2 5 2  
. 
SEL-81-008, Cost and Reliability Estimation Models (CAREM) 
User's Guide, J. F. Cook and E. Edwards, February 1981 
SEL-81-009, Software Enqineering Laboratory Programmer Work- 
bench Phase i Evaluation, W. J. Decker and F. E. McGarry, 
March 1981 
SEL-81-011, Evaluatinq Software Development by Analysis of 
Change Data, D. M. Weiss, November 1981 
SEL-81-012, The Rayleigh Curve As a Model for Effort Distri- 
bution Over the Life of Medium Scale Software Systems, G. 0. 
Picasso, December 1981 
SEL-81-013, Proceedings From the Sixth Annual Software Engi- 
neering Workshop, December 1981 
SEL-81-014, Automated Collection of Software Enqineerinq 
Data in the Software Engineering Laboratory (SEL), 
A. L. Green, W. J. Decker, and F. E. McGarry, September 1981 
SEL-81-101, Guiae to Data Collection, V. E. Church, 
D. lu. Card, F. E. McGarry, et al., Auqust 198% 
SEL-81-102, Software Engineering Laboratory (SEL) Data Base 
Organization and User's Guide Revision 1, P. Lo and 
D. Wyckoff, July i983 
SEL-81-104, The Software Engineering Laboratory, D. N. Card, 
F. E. McGarry, G. Page, et al., February 1982 
SEL-81-106, Software Enqineering Laboratory (SEL) Document 
Library (DOCLIB) System Description and User's Guide, 
W. Taylor ana W. J. Decker, Nay 1985 
SEL-81-107, Software Engineering Laboratory (SEL) Compendium 
o r  Tools, W. J. Decker, W. A. Taylor, and E. J. Smith, 
February 1982 
SEL-81-110, Evaluation of an Independent Verification and 
Valiaation (IV&V) Methodology for Flight Dynamics, G. Paqe, 
F. E. McGarry, and D. N. Card, June 1985 
SEL-81-203, Software Engineering Laboratory (SEL) Data Base 
Maintenance - System (DBAM) User's Guide and System Descrip- 
tion, P. Lo, June 1984 
SEL-81-205, Recommended Approach to Software Development, 
F. E. McGarry, G. Page, S. Eslinger, et al., April 1983 
R-3 
0252 
SEL-82-001, Evaluation of Management Measures of Soitware 
Development, G. Page, D. h. Card, and F. E. McGarry, 
September 1982, vols. 1 and 2 
SEL-82-003, Software Engineering Laboratory (SEL) Data Base 
Reporting Software User's Guide and System Description, 
P. Lo, September 1982 
SEL-82-004, Collected Software Engineering Papers: Vol- 
--I ume 1 July 1982 
SEL-82-007, Proceedinqs From the Seventh Annual Software 
Engineering Workshop, December 1982 
SEL-82-008, Evaluatinq Software Development by Analysis of 
Changes: The Data From the Software Engineering Laboratory, 
V. R. Basili and D. M. Weiss, December 1982 
SEL-82-102, FORTRAN Static Source Code Analyzer Program 
(SAP) System Description (Revision l), W. A. Taylor an6 
W. J. Decker, April 1985 
SEL-82-105, Glossary of Software Engineering Laboratory 
Terms, T. A. Babst, F. E. McGarry, and M. G. Rohleder, 
October 19 8 3 
SEL-82-306, Annotated Bibliography oi Soitware Engineering 
Laboratory Literature, D. N. Card, Q. L. Jordan, ana 
F. E. McGarry, November 1985 
SEL-83-001, An Approach to Software Cost Estimation, 
F. E. McGarry, G. Page, D. N. Card, et al., February 1984 
SEL-83-002, Measures and Metrics for Software Development, 
D. N. Card, F. E. McGarry, G. Page, et al., March 1984 
SEL-83-003, Collected Software Engineerinq Papers: Vol- 
- ume 11, November 1983 
S~L-83-006, Monitoring Software Development Through Dynamic 
Variables, C. W. .Doerflinger, November 1983 
SEL-83-007, Proceedinqs From the Eiqhth Annual Software En- 
gineering Workshop, November 1983 
SEL-83-104, Software Enqineerinq Laboratory (SEL) Data Base 
Retrieval System (DARES) User's Guide, T. A. Babst, 
W. J. Decker, P. Lo, and W. Miller, August 1984 
B-4 
0 2 5 2  
SEL-83-105, S o f t w a r e  E n q i n e e r i n q  L a b o r a t o r y  (SEL) Data Base 
R e t r i e v a l  S y s t e m  (DARES) Sys t em D e s c r i p t i o n ,  P. L o ,  
W .  J. D e c k e r ,  a n d  W.  Mi l l e r ,  Auqus t  1984 
SEL-84-001, M a n a q e r ' s  Handbook f o r  S o f t w a r e  Deve lopmen t ,  
W.  W .  A q r e s t i ,  F. E .  McGarry, D.  N .  Ca rd ,  e t  a l . ,  A p r i l  1984 
SEL-84-002, Conf i q u r a t i o n  Manaqement and  C o n t r o l :  P o l i c i e s  
and  P r o c e d u r e s ,  Q. L. J o r d a n  and  E. Edwards ,  December 1984  
SEL-84-003, I n v e s t i q a t i o n  of S p e c i f i c a t i o n  M e a s u r e s  f o r  t h e  
S o f t w a r e  E n q i n e e r i n q  L a b o r a t o r y  ( S E L ) ,  W.  W .  A q r e s t i ,  
I V. E. Church ,  and  F. E. McGarry, December 1984 
SEL-84-004, P r o c e e d i n q s  From t h e  N i n t h  Annua l  S o f t w a r e  E n q i -  
n e e r i n q  Workshop,  November 1984 
SEL-85-001, A Compar i son  o f  S o f t w a r e  V e r i f i c a t i o n  Tech-  
n i q u e s ,  D .  N.  C a r d ,  R .  W .  S e l b y ,  J r . ,  F. E. McGarry,  e t  a l . ,  
A p r i l  1 9 8 5  
SEL-85-002, Ada T r a i n i n q  E v a l u a t i o n  and  Recommendat ions  From 
t h e  G a m m a  Ray O b s e r v a t o r y  Ada D e v e l o p m e n t  Team, R.  Murphy 
a n d  M. S t a r k ,  October 1985  
SEL-85-003, C o l l e c t e d  S o f t w a r e  E n q i n e e r i n q  P a p e r s :  
Volume 111, November 1 9 8 5  - 
SEL-85-004, E v a l u a t i o n s  of S o f t w a r e  T e c h n o l o q i e s :  T e s t i n q ,  
CLEANROOM, and Metrics, R .  W. S e l b y ,  J r . ,  May 1985  
SEL-85-005, S o f t w a r e  V e r i f i c a t i o n  a n d  T e s t i n q ,  D. N .  C a r d ,  
C. A n t l e ,  and  E. Edwards ,  December 1 9 8 5  
SEL-86-001, P r o q r a m m e r ' s  Handbook f o r  F l i q h t  Dynamics S o f t -  
ware Development, R.  Wood and  E. Edwards ,  Y a r c h  1986 
SEL-86-002, G e n e r a l  Objec t -Or ien ted  S o f t w a r e  Development ,  
E .  S e i d e w i t z  a n d  M. S t a r k ,  A u q u s t  1986  
SEL-86-003, F l i q h t  Dynamics Sys tem S o f t w a r e  Development  En- 
v i r o n m e n t  T u t o r i a l ,  J.  B u e l l  and  P. Myers ,  J u l y  1 9 8 6  
SEL-RELATED LITERATURE 
A q r e s t i ,  W.  W . ,  D e f i n i t i o n  o f  S p e c i f i c a t i o n  M e a s u r e s  f o r  t h e  
S o f t w a r e  E n q i n e e r i n q  L a b o r a t o r y ,  Computer  S c i e n c e s  Corpora- 
t i o n ,  CSC/TM-84/6085, J u n e  1984 
A q r e s t i ,  W.  W . ,  T u t o r i a l :  N e w  P a r a d i q m s  f o r  S o f t w a r e  
Development .  N e w  Y o r k :  I E E E  Computer S o c i e t y  P r e s s ,  
J u l y  1986 
8 - 5  
0252 
Agresti, h. w., V. E. Church, D. N. Card, and P. L. L o ,  
"Designing With Ada for Satellite Simulation: A Case Study," 
Proceedings of the First International Symposium on Ada for 
the NASA Space Station, June 1986 
'Agresti, W. h. ,  F. E. McGarry, D. N. Card, et al., "Meas- 
uring Software Technoloqy," Piogram Transformation.and Pro- 
gramming Environments. New York: Springer-Verlag, 1584 
3Bailey, J. W., and V. R. Rasili, "A Meta-Model for Soft- 
ware Development Resource Expenditures, '' Proceedinqs of the 
Fifth International Conference on Software Engineering. 
New York: IEEE Computer Society Press, 1981 
Basill, V. R., "SEL Relationships for Programming Measure- 
ment and Estimation," University of Maryland, Technical Mem- 
orandum, October 1979 
3Basili, V. K., "Models ana Metrics for Software Manage- 
ment and Enqineering," ASME Advances in Computer Technoloqy, 
January 1980, vol. 1 
Basili, V. R., Tutorial on Models and Metrics for Software 
Management and Engineering. New York: IEEE Computer 
Society Press, 1980 (also designated SEL-80-008) 
113asili, V. R., "Quantitative Evaluation of Software 
Methodology," Proceedinqs of the First Pan-Pacific Computer 
Conference, September 1965 
jBasili, V. R., and J. Beane, "Can the Parr Curve Help 
With Manpower Distribution and Resource Estimation Prob- 
lems?", Journal of Systems and Software, February 1981, 
vol. 2, no. 1 
3Basili, V. R., and K .  Freburger, "Programming Measurement 
and Estimation in the Software Engineering Laboratory," 
Journal of Systems and Software, February 1981, vol. 2, no. 1 
'Basill, V. R., and N. M. Panlilio-Yap, "Finding Relation- 
ships Between Effort and Other Variables in the S E L . "  Pro- ~ - ' -  
ceeaings of the International Computer Software ana Applica- 
tions Conference, October 1985 
2Basili, V. R., and B. T. Perricone, "Software Errors and 
Complexity: An Empirical Investigation," Communications o f  
the ACM, January 1984, vol. 27, no. 1 
B- 6 
0252 
3Basili, V. K., and T. Phillips, "Evaluating and Comparing 
Software Metrics in the Software Engineering Laboratory," 
Proceedings of' the ACM SIGMETRICS Symposium/Workshop: Qual- 
ity Metrics, March 1981 
lBasili, V. R'., and C .  L. Ramsey, "ARKOWSMITH-P--A Proto- 
type Expert System for Software Engineering Management," 
Proceedings of the IEEE/MITRE Expert Systems in Government 
Symposium, October I985 
Basili, V. R., and R. Reiter, "Evaluating Automatable Meas- 
ures for Software Development," Proceedings of the Workshop 
and Cost, October 1979 
2Basili, V. R., R. W .  Selby, and T. Phillips, "Metric Anal- 
ysis and Data Validation Across FORTRAN Projects," IEEE 
Transactions on Software Engineering, November 1563 
lBasili, V. R., ana R. W. Selby, Jr., "Calculation ana Use 
of an Environments's Characteristic Software Metric Set," 
Proceedinqs of the Eighth International Conference on Soft- 
ware Engineering, August 1985 
 
I 
i Basill, V. R., ana H. W .  Selby, Jr., Comparing the Etiective- 
I - ness of Software Testing Strategies, University of Maryland 
Technical Report, TR-1501, May 1985 
I 
I , Basili, V. R., R. W. Selby, Jr., and D. H. Hutchens, "Experi- 
I mentation in Software Engineerinq," IEEE Transactions on 
I Software Engineerinq, July 1986 
1 
I 2E3asili, V.R., and D. M. Weiss, A Methodology for Collect- 
- ing Valid Software Engineering Data, University of Maryland, 
Technical Report TR-1235, December 1982 
I 
lBasili, V. K., and D. M. Weiss, "A Methodology f o r  Collect- 
ing Valid Software Enqineering Data," IEEE Transactions on 
3Basili, V. R., and M. V. Zelkowitz, "The Software Enqi- 
neering Laboratory: Objectives," Proceedinqs of the 
Fitteenth Annual Conference on Computer Personnel Research, 
August 1977 
I 
I Software Enqineerinq, November 1984 
I 
. -- 
; Basill, V. R., ana M. V. Zelkowitz, "Designing a Software 
Measurement Experiment," Proceedings of the Sottware Life 
Cycle Management Workshop, September 1977 
0 2 5 2  
I 
3Basili, V. R., and M. V. Zelkowitz, "Operation of the Sott- 
ware Engineering Laboratory," Proceedings of the Second Soft- 
ware Life Cycle Management WorTshop, August 1978 
3Basili, V. R., and M. V. Zelkowitz, "Measuring Software 
Development Characteristics in the Local Environment," Com- 
puters and Structures, August 1978, vol. 10 
Basili, V. R., and M. V. Zelkowitz, "Analyzing Medium Scale 
Software Development," Proceeainqs of the Third Interna- 
tional Conference on Software Engineerinq. New York: IEEE 
Computer Society Press, 1978 
kard, D. N., "A Software Technology Evaluation Program," 
Annals - do XVIII Congresso Nacional de Informatica, October 
1985 
Card, D. N., V. E. Church, and W. W. Agresti, "An Empirical 
Study of Software Design Practices," IEEE Transactions on 
Software Enqineerinq, February 1986 
lCard, D. N., G. T. Page, and F. E. McGarry, "Criteria for 
Software Modularization," Proceedinss of the Eiqhth Interna- 
tional Conference on Software Engineerinq, August 1985 
3Chen, E., and M. V. Zelkowitz, "Use of Cluster Analysis 
l o  Evaluate Software Zngineerinq Methodologies," Proceed- 
ings of the Fifth International Conference on Software 
Engineering. New York: IEEE Computer Society Press, 1981 
*Ooerflinger, C. W., and V. R. Basili, "Monitoring Sottware 
Development Through Dynamic Variables, 'I Proceedinqs of the 
Seventh International Computer Software and Applications 
Conference. New York: IEEE Computer Society Press, 1983 
Higher Order Software, Inc., TR-9, A Demonstration of AXES 
tor NAVPAK, M. Hamilton and S .  Zeldin, September 1975 (also 
des igna tea SEL-77-005) 
lMcGarry, F. E., J. Valett, and D. Hall, "Measuring the 
Impact of Computer Resource Quality on the Software Develop- 
ment Process and Product," Proceedings of the Hawaiian Inter- 
- national Conference on System Sciences, January 1985 
lPage, G., F. E. McGarry, and D. N. Card, "A Practical Ex- 
perience With Independent Verification and Validation," 
Proceedings of the- Eighth International Computer Software 
and Applications Conference, November 1984 
B-8 
0 2 5 2  
lRarnsey, J., and V. R. Basili, "Analyzing the Test Process 
Using Structural Coverage," Proceedings of the Eighth Inter- 
national Conference on Software Engineering, August 1985 
Turner, C . ,  and G. Caron, A Comparison of RADC and N A S A / S E L  
Software Development Data, Data and Analysis Center for 
Software, Special Publication, May 1981 
Turner, C., G. Caron, and G. Brement, NASA/SEL Data Compen- 
dium --I Data and Analysis Center for Software, Special Publi- 
cation, April 1981 
lWeiss, L). PI., and V. R. Basill, "Evaluatinu Software De- 
velopment by Analysis of Chanqes: Some Data From the Soft- 
ware Engineering Laboratory," IEEE Transactions on Soitware 
- Engineering, February 1985 
3Zelkowitz, M. V., "Resource Estimation for Meuium Scale 
Software Projects," Proceedings of the Twelfth Conference on 
the Interface of Statistics and Computer Science. 
New York: IEEE Computer Society Press, 1979 
2Zelkowitz, M. V., "Data Collection and Evaluation for Ex- 
perimental Computer Science Research," Empirical Foundations 
for Computer and Information Science (proceedings) , 
November 198 2 
Zelkowitz, M. V., and V. R. Basili, "Operational Aspects of 
a Software Measurement Facility," Proceedings of the Soft- 
ware Life Cycle Management Workshop, September 1977 
~ 
lThis article also appears in SEL-85-003, Collected Soft- 
2TihlS article also appears in SEL-83-003, Collected Soft- 
3This article also appears in SEL-82-004, Collected Soit- 
- ware Engineering Papers: Volume 111, November 1985. 
- ware Engineering Papers: Volume 11, November 1983. 
- ware Engineering Papers: Volume I, July 1982. 
B-9  
